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SUMMARY: 17 
CUT&RUN and its variants can be used to determine protein occupancy on chromatin. This 18 
protocol describes how to determine protein localization on chromatin using single-cell 19 
uliCUT&RUN. 20 
 21 
ABSTRACT: 22 
Determining the binding locations of a protein on chromatin is essential for understanding its 23 
function and potential regulatory targets. Chromatin Immunoprecipitation (ChIP) has been the 24 
gold standard for determining protein localization for over 30 years and is defined by the use of 25 
an antibody to pull out the protein of interest from sonicated or enzymatically digested 26 
chromatin. More recently, antibody tethering techniques have become popular for assessing 27 
protein localization on chromatin due to their increased sensitivity. Cleavage Under Targets & 28 
Release Under Nuclease (CUT&RUN) is the genome-wide derivative of Chromatin 29 
Immunocleavage (ChIC) and utilizes recombinant Protein A tethered to micrococcal nuclease (pA-30 
MNase) to identify the IgG constant region of the antibody targeting a protein of interest, 31 
therefore enabling site-specific cleavage of the DNA flanking the protein of interest. CUT&RUN 32 
can be used to profile histone modifications, transcription factors, and other chromatin-binding 33 
proteins such as nucleosome remodeling factors. Importantly, CUT&RUN can be used to assess 34 
the localization of either euchromatic- or heterochromatic-associated proteins and histone 35 
modifications. For these reasons, CUT&RUN is a powerful method for determining the binding 36 
profiles of a wide range of proteins. Recently, CUT&RUN has been optimized for transcription 37 
factor profiling in low populations of cells and single cells and the optimized protocol has been 38 
termed ultra-low input CUT&RUN (uliCUT&RUN). Here, a detailed protocol is presented for 39 
single-cell factor profiling using uliCUT&RUN in a manual 96-well format. 40 
 41 
INTRODUCTION: 42 
Many nuclear proteins function by interacting with chromatin to promote or prevent DNA-43 
templated activities. To determine the function of these chromatin-interacting proteins, it is 44 
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important to identify the genomic locations at which these proteins are bound. Since its 45 
development in 1985, Chromatin Immunoprecipitation (ChIP) has been the gold standard for 46 
identifying where a protein binds to chromatin1,2. The traditional ChIP technique has the 47 
following basic workflow: cells are harvested and crosslinked (usually with formaldehyde), 48 
chromatin is sheared (usually with harsh sonication methods, necessitating crosslinking), the 49 
protein of interest is immunoprecipitated using an antibody that targets the protein (or tagged 50 
protein) followed by a secondary antibody (coupled to agarose or magnetic beads), crosslinking 51 
is reversed, protein and RNA are digested to purify DNA, and this ChIP enriched-DNA is used as 52 
the template for analysis (using radiolabeled probes1,2, qPCR3, microarrays5,6, or sequencing4). 53 
With the advent of microarrays and massively parallel deep sequencing, ChIP-chip5,6 and ChIP-54 
seq4 have more recently been developed and allow for genome-wide identification of protein 55 
localization on chromatin. Crosslinking ChIP has been a powerful and reliable technique since its 56 
advent with major advances in resolution by ChIP-exo7 and ChIP-nexus8. In parallel to the 57 
development of ChIP-seq, native (non-crosslinking) protocols for ChIP (N-ChIP) have been 58 
established, which utilize nuclease digestion (often using a micrococcal nuclease or MNase) to 59 
fragment the chromatin, as opposed to sonication performed in traditional crosslinking ChIP 60 
techniques9. However, one major drawback to both crosslinking ChIP and N-ChIP technologies 61 
has been the requirement for high cell numbers due to low DNA yield following the experimental 62 
manipulation. Therefore, in more recent years, many efforts have been toward optimizing ChIP 63 
technologies for low cell input. These efforts have resulted in the development of many powerful 64 
ChIP-based technologies that vary in their applicability and input requirements10–18. However, 65 
single-cell ChIP-seq based technologies have been lacking, especially for non-histone proteins. 66 
 67 
In 2004, an alternative technology was developed to determine protein occupancy on chromatin 68 
termed Chromatin Endogenous Cleavage (ChEC) and Chromatin Immunocleavage (ChIC)19. These 69 
single-locus techniques utilize a fusion of MNase to either the protein of interest (ChEC) or to 70 
protein A (ChIC) for direct cutting of DNA adjacent to the protein of interest. In more recent years, 71 
both ChEC and ChIC have been optimized for genome-wide protein profiling on chromatin (ChEC-72 
seq and CUT&RUN, respectively)20,21. While ChEC-seq is a powerful technique for determining 73 
factor localization, it requires developing MNase-fusion proteins for each target, whereas ChIC 74 
and its genome-wide variation, CUT&RUN, rely on an antibody directed toward the protein of 75 
interest (as with ChIP) and recombinant Protein A-MNase, where the Protein A can recognize the 76 
IgG constant region of the antibody. As an alternative, a fusion Protein A/Protein G-MNase (pA/G-77 
MNase) has been developed that can recognize a broader range of antibody constant regions22. 78 
CUT&RUN has rapidly become a popular alternative to ChIP-seq for determining protein 79 
localization on chromatin genome-wide. 80 
 81 
Ultra-low input CUT&RUN (uliCUT&RUN), a variation of CUT&RUN that enables the use of low 82 
and single-cell inputs, was described in 201923. Here, the methodology for a manual 96-well 83 
format single-cell application is described. It is important to note that since the development of 84 
uliCUT&RUN, two alternatives for histone profiling, CUT&Tag and iACT-seq have been developed, 85 
providing robust and highly parallel profiling of histone proteins24,25. Furthermore, scCUT&Tag 86 
has been optimized for profiling multiple factors in a single cell (multiCUT&Tag) and for 87 
application to non-histone proteins26. Together, CUT&RUN provides an attractive alternative to 88 
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low input ChIP-seq where uliCUT&RUN can be performed in any molecular biology lab that has 89 
access to a cell sorter and standard equipment. 90 
 91 
PROTOCOL: 92 
Ethics statement: All studies were approved by the Institutional Biosafety Office of Research 93 
Protections at the University of Pittsburgh. 94 
 95 
1. Prepare magnetic beads 96 
 97 
NOTE: Perform prior to cell sorting and hold on ice until use. 98 
 99 
1.1. Pipette 30 µL of ConA-conjugated paramagnetic microspheres bead slurry mix per reaction 100 
to a fresh 1.5 mL microfuge tube and add 850 µL of Binding Buffer, pipetting gently to mix. 101 
 102 
NOTE: ConA-conjugated paramagnetic microspheres are lectin-coated magnetic beads that 103 
permit lipid membrane binding. 104 
 105 
1.2. Place the tube on a magnetic rack and allow the beads to magnetize for 1–2 min. Once the 106 
supernatant has cleared, remove, and discard the supernatant without disturbing the beads. 107 
 108 
1.3. Remove the tube from the magnetic rack and wash the beads by resuspending in 1 mL of 109 
Binding Buffer. 110 
 111 
1.4. Repeat steps 1.2 and 1.3. 112 
 113 
1.5. Magnetize the beads for 2 min and remove the supernatant to discard. 114 
 115 
1.6. Remove the tube from the magnetic rack and resuspend the beads in 30 µL of Binding Buffer 116 
per reaction. 117 
 118 
1.7. Hold the washed bead mix on ice until cells are sorted. 119 
 120 
2. Harvest cells 121 
 122 
NOTE: This step is written for adhered cells and optimized for murine E14 embryonic stem cells. 123 
Culturing and harvesting the cells depend on the cell type. 124 
 125 
2.1. Remove the cells from the 37 °C incubator and examine them under a microscope to assure 126 
quality. 127 
 128 
2.2. Aspirate the media from the cell plate and rinse with 5 mL of 1x PBS. 129 
 130 



2.3. Aspirate PBS from the plate and harvest the cells (using traditional cell harvesting methods 131 
which will differ by cell type). Obtain single-cell suspension by gently pipetting up and down with 132 
a serological pipette against the culture dish, if necessary. 133 
 134 
2.4. Transfer the cell suspension to a 15 mL conical tube and spin down at 200 x g for 5 min. 135 
 136 
2.5. Aspirate off the media to discard and wash the cell pellet with 5 mL of PBS + 1% FBS. 137 
 138 
2.6. Spin down the cells at 200 x g for 5 min, discard the supernatant, and resuspend the cell 139 
pellet in 5 mL of PBS + 1% FBS. 140 
 141 
2.7. Count the cells and transfer 1 mL of 1 x 106 cells into a fresh 1.5 mL microfuge tube. 142 
 143 
2.8. Add 5 µL of 7-Amino-Actinomycin D (7-AAD), invert the well to mix, and then apply the 144 
sample to the cell sorter to sort live single cells into individual wells of a 96-well plate. 145 
 146 
NOTE: 7-AAD dye is excluded from live cells, and therefore can be used in live-cell sorting. 147 
 148 
3. Cell sorting and lysis 149 
 150 
3.1. Prepare a cell sorter-compatible 96-well plate with 100 µL of Nuclear Extraction (NE) Buffer 151 
in each well prior to cell sorting. 152 
 153 
3.2. Sort the cells into 96-well plates following the manufacturer’s instructions. 154 
 155 
3.3. Quickly spin the plate (600 x g for 30 s) to assure cells are in the buffer within the wells. 156 
 157 
NOTE: It is worth testing in a preliminary experiment whether the cells being used are reliably 158 
brought to the bottom of the wells. 159 
 160 
3.4. Hold the samples on ice for 15 min. 161 
 162 
3.5. Spin down the samples at 600 x g for 5 min at 4 °C and carefully pipette to remove the 163 
supernatant (leaving behind 5 µL). 164 
 165 
3.6. Resuspend each sample in 55 µL of NE buffer and add 30 µL of the prewashed ConA-166 
conjugated paramagnetic microspheres (from step 1.7; in Binding Buffer) to each reaction. 167 
 168 
3.7. Incubate at room temperature for 10 min. 169 
 170 
4. Pre-block samples to prevent early digestion by MNase 171 
 172 
4.1. Place the plate on a 96-well magnetic rack, allow the beads to bind for a minimum of 5 min, 173 
and then remove and discard the supernatant. 174 



 175 
4.2. Add 100 µL of Blocking Buffer to the nucleus-bound beads and mix with gentle pipetting. 176 
 177 
4.3. Incubate for 5 min at room temperature. 178 
 179 
5. Addition of primary antibody 180 
 181 
5.1. Place the plate on a 96-well magnetic rack, allow the supernatant to clear for a minimum of 182 
5 min, and then remove and discard the supernatant without disturbing the beads. 183 
 184 
5.2. Remove the plate from the magnetic rack and resuspend the beads in 100 µL of Wash Buffer 185 
per reaction with gentle pipetting. 186 
 187 
5.3. Place the plate back on the 96-well magnetic rack, allow the supernatant to clear, and then 188 
remove and discard the supernatant. 189 
 190 
5.4. Resuspend the beads in 25 µL of Wash Buffer per reaction with gentle pipetting. 191 
 192 
5.5. Make a primary antibody master mix: 25 µL of Wash Buffer + 0.5 µL of antibody per reaction. 193 
 194 
5.6. While gently vortexing the nuclei-bound beads, add 25 µL of the primary antibody master 195 
mix to each sample being treated with an antibody targeting the protein of interest (typically 196 
1:100 final dilution). Add 25 µL of Wash Buffer with no antibody, if performing a control. 197 
 198 
5.7. Incubate for 1 h at room temperature. 199 
 200 
5.8. Place the samples on a 96-well magnetic rack, allow the supernatant to clear for a minimum 201 
of 5 min, and then remove and discard the supernatant without disturbing the beads. 202 
 203 
5.9. Remove the plate from the magnetic rack and wash the beads with 100 µL of Wash Buffer, 204 
resuspending by pipetting. 205 
 206 
6. Addition of pA-MNase or pA/G-MNase 207 
 208 
NOTE: Protein A has a high affinity for IgG molecules from certain species such as rabbits but is 209 
not suitable for IgGs from other species such as mice or rats. Alternatively, Protein A/G-MNase 210 
can be used. This hybrid binds rabbit, mouse, and rat IgGs, avoiding the need for secondary 211 
antibodies when mouse or rat primary antibodies are used. 212 
 213 
6.1. Place the plate back on a 96-well magnetic rack, allow the supernatant to clear for a 214 
minimum of 5 min, and then remove and discard the supernatant without disturbing the beads. 215 
 216 
6.2. Remove the plate from the magnetic rack and resuspend each sample in 25 µL of Wash 217 
Buffer. 218 



 219 
6.3. Make a pA-MNase master mix (25 µL of Wash Buffer + optimized amount of pA-MNase per 220 
reaction). 221 
 222 
6.4. While gently vortexing, add 25 µL of the pA-MNase master mix to each sample, including the 223 
control samples. 224 
 225 
NOTE: The concentration of pA-MNase varies upon preparation, if homemade, and should be 226 
therefore tested prior to use upon each independent purification. For pA/G-MNase, 2.5 µL of the 227 
20x stock should be used. 228 
 229 
6.5. Incubate the samples for 30 min at room temperature. 230 
 231 
6.6. Place the plate on a 96-well magnetic rack, allow the supernatant to clear for a minimum of 232 
5 min, and then remove and discard the supernatant without disturbing the beads. 233 
 234 
6.7. Remove the plate from the magnetic rack and wash the beads with 100 µL of Wash Buffer, 235 
resuspending by gentle pipetting. 236 
 237 
7. Directed DNA digestion 238 
 239 
7.1. Place the plate on a 96-well magnetic rack, allow the supernatant to clear for a minimum of 240 
5 min, and then remove and discard the supernatant. 241 
 242 
7.2. Remove the samples from the magnetic rack and resuspend the beads in 50 µL of Wash 243 
Buffer by gentle pipetting. 244 
 245 
7.3. Equilibrate the samples to 0 °C in an ice/water mixture for 5 min. 246 
 247 
7.4. Remove the samples from the 0 °C ice/water bath and add 1 µL of 100 mM CaCl2 using a 248 
multichannel pipette. Mix well (3–5 times) with gentle pipetting using a larger volume 249 
multichannel pipette, and then return the samples to 0 °C. 250 
 251 
NOTE: Mixing well here is essential. CaCl2 is added to activate MNase digestion of DNA flanking 252 
the protein of interest. 253 
 254 
7.5. Start a 10 min timer as soon as the plate is back in the ice/water bath. 255 
 256 
7.6. Stop the reaction by pipetting 50 µL of 2XRSTOP+ Buffer into each well, in the same order as 257 
the CaCl2 was added. 258 
 259 
NOTE: Make 2XRSTOP+ Buffer before the 10 min digestion is over to prevent over digestion. 260 
 261 
8. Sample fractionation 262 



 263 
8.1. Incubate the samples for 20 min at 37 °C. 264 
 265 
8.2. Spin the plate at 16,000 x g for 5 min at 4 °C. 266 
 267 
8.3. Place the plate on a 96-well magnetic rack, allow the supernatant to clear for a minimum of 268 
5 min, and transfer supernatants to a fresh 96-well plate. Discard the beads. 269 
 270 
9. DNA extraction 271 
 272 
9.1. Add 1 µL of 10% Sodium Dodecyl Sulfate (SDS) and 0.83 µL of 20 mg/mL Proteinase K to each 273 
sample. 274 
 275 
CAUTION: SDS powder is harmful if inhaled. Users should use in well-ventilated spaces wearing 276 
goggles, gloves, and an N95-grade respirator, handling with care. 277 
 278 
9.2. Mix the samples by gentle pipetting. 279 
 280 
9.3. Incubate the samples for 10 min at 70 °C. 281 
 282 
9.4. Return the plate to room temperature and add 46.6 µL of 5 M NaCl and 90 µL of 50% PEG 283 
4000. Mix by gentle pipetting. 284 
 285 
9.5. Add 33 µL of polystyrene‒magnetite beads to each sample and incubate for 10 min at room 286 
temperature. 287 
 288 
NOTE: Be sure to bring polystyrene‒magnetite beads to room temperature (~30 min) and mix 289 
well before using. 290 
 291 
9.6. Place the plate on a magnetic rack and allow the supernatant to clear for ~5 min, and then 292 
carefully discard the supernatant without disturbing the beads. 293 
 294 
9.7. Rinse 2x with 150 µL of 80% ethanol without disturbing the beads. 295 
 296 
CAUTION: Ethanol is highly flammable and causes skin, eye, and lung irritation. Perform this step 297 
with appropriate laboratory clothing and in a vented hood. 298 
 299 
9.8. Spin the plate briefly at 1000 x g for 30 s. Place the plate back on a 96-well magnetic rack 300 
and remove all residual EtOH without disturbing the beads. 301 
 302 
9.9. Air-dry the samples for ~2–5 min. 303 
 304 
NOTE: Do not dry the beads for longer than 5 min. If diligent about removing the EtOH, 2–3 min 305 
of drying is sufficient. 306 



 307 
9.10. Resuspend the beads with 37.5 µL of 10 mM Tris-HCl (pH 8) and incubate for 5 min at room 308 
temperature. 309 
 310 
9.11. Place the plate on a magnetic rack, and allow the beads to bind for 5 min. 311 
 312 
9.12. Transfer 36.5 µL of the supernatant to a fresh thermocycler compatible 96-well plate. 313 
Discard the beads. 314 
 315 
NOTE: The experiment can be stopped here by storing samples at -20 °C or can continue with the 316 
library build (steps 10–15). 317 
 318 
10. End repair, phosphorylation, adenylation 319 
 320 
NOTE: The reagents are sourced as referenced in the Table of Materials. The below protocol 321 
follows a similar method to the commercial kit such as NEBNext Ultra DNA II kit. 322 
 323 
10.1. Dilute 5 U/µL of T4 DNA polymerase 1:20 in 1x T4 DNA ligase buffer. 324 
 325 
10.2. Prepare an end-repair/3’A master mix: 2 µL of 10x T4 DNA ligase buffer, 2.5 µL of 10 mM 326 
dNTPs, 1.25 µL of 10 mM ATP, 3.13 µL of 40% PEG 4000, 0.63 µL of 10 U/µL T4 PNK, 0.5 µL of 327 
diluted T4 DNA polymerase, 0.5 µL of 5U/µL Taq DNA polymerase, with a total volume of 13.5 µL 328 
per reaction. 329 
 330 
NOTE: Be sure to bring 40% PEG 4000 to room temperature before pipetting. 331 
 332 
10.3. Add 13.5 µL of end-repair/3’A master mix to 36.5 µL of DNA. 333 
 334 
10.4. Mix the reaction by quick vortex, and then a quick spin (500 x g for 10 s). 335 
 336 
10.5. Incubate using the following reaction conditions in a pre-cooled thermocycler with a heated 337 
lid for temperatures >20 °C. Use the reaction conditions: 12 °C for 15 min, 37 °C for 15 min, 72 °C 338 
for 20 min, hold at 4 °C. 339 
 340 
11. Adapter ligation 341 
 342 
NOTE: Keep the samples on ice while setting up the following reaction. Allow ligase buffer to 343 
come to room temperature before pipetting. Dilute the Adaptor (see Table of Materials) in a 344 
solution of 10 mM Tris-HCl containing 10 mM NaCl (pH 7.5). Due to the low yield, do not pre-345 
quantify the CUT&RUN-enriched DNA. Rather, generate 25-fold dilutions of the adaptor, using a 346 
final working adaptor concentration of 0.6 µM. 347 
 348 
11.1. Make a ligation master mix: 55 µL of ligase buffer (2x), 5 µL of T4 DNA ligase, and 5 µL of 349 
diluted Adaptor, with a total volume of 65 µL per reaction. 350 



 351 
11.2. Add 65 µL of the master ligation mix to 50 µL of DNA from step 10.5. 352 
 353 
11.3. Mix by quick vortexing, followed by quick spinning (500 x g for 10 s). 354 
 355 
11.4. Incubate at 20 °C in a thermocycler (without a heated lid) for 15 min. 356 
 357 
NOTE: Proceed immediately to the following step. 358 
 359 
12. USER digestion 360 
 361 
12.1. Add 3 µL of USER enzyme to each sample, vortex, and spin (500 x g for 10 s). 362 
 363 
12.2. Incubate in thermal cycler at 37 °C for 15 min (heated lid set to 50 °C). 364 
 365 
13. Polystyrene‒magnetite bead clean-up following ligation reaction 366 
 367 
NOTE: Allow polystyrene‒magnetite beads to equilibrate at room temperature (~30 min). Vortex 368 
to homogenize the bead solution before using. Perform the following steps at room temperature. 369 
 370 
13.1. Add 39 µL (0.33x) of polystyrene‒magnetite bead solution to each well containing adaptor-371 
ligated DNA. 372 
 373 
13.2. Mix thoroughly by pipetting, and then incubate the samples at room temperature for 15 374 
min to allow DNA to bind to the beads. 375 
 376 
13.3. Place the samples on a 96-well magnetic rack and incubate for 5 min until the supernatant 377 
is clear. 378 
 379 
13.4. Keep the plate on the magnetic rack and carefully remove and discard the supernatant 380 
without disturbing the beads. 381 
 382 
13.5. Rinse the beads with 200 µL of 80% EtOH without disturbing the beads. 383 
 384 
13.6. Incubate for 30 s on a 96-well magnetic rack to allow the solution to clear. 385 
 386 
13.7. Remove and discard the supernatant without disturbing the beads. 387 
 388 
13.8. Repeat steps 13.5–13.7 for a total of two washes. 389 
 390 
13.9. Spin the plate briefly at 500 x g for 10 s, place the plate back on a 96-well magnetic rack, 391 
and remove residual EtOH without disturbing the beads. 392 
 393 
13.10. Keep the plate on the magnetic rack and air-dry the samples for 2 min. 394 



 395 
NOTE: Do not over-dry the beads. 396 
 397 
13.11. Remove the plate from the magnetic rack and resuspend the beads in 28.5 µL of 10 mM 398 
Tris-HCl (pH 8). 399 
 400 
CAUTION: Hydrochloric acid is very corrosive. Users should handle it with care in a chemical fume 401 
hood wearing goggles, gloves, and a lab coat. 402 
 403 
13.12. Thoroughly resuspend beads by pipetting, taking care to not produce bubbles. 404 
 405 
13.13. Incubate for 5 min at room temperature. 406 
 407 
13.14. Place the plate on a 96-well magnetic rack and allow the solution to clear for 5 min. 408 
 409 
13.15. Transfer 27.5 µL of supernatant to a new PCR plate and discard the beads. 410 
 411 
14. Library enrichment 412 
 413 
NOTE: Primers are diluted with the same solution as the adaptor. For this library build, use a final 414 
working primer concentration of 0.6 µM. 415 
 416 
14.1. Add 5 µL of diluted indexed primer (see Table of Materials) to each sample. 417 
 418 
NOTE: Each sample needs a different index to be identified during sequencing. 419 
 420 
14.2. Prepare a PCR master mix: 10 µL of 5x high fidelity PCR buffer, 1.5 µL of 10 mM dNTPs, 5 µL 421 
of diluted Universal primer, 1 µL of 1 U hot start high fidelity polymerase, with a total master mix 422 
volume of 17.5 µL per sample. 423 
 424 
14.3. Add 17.5 µL pf PCR mix to 32.5 µL of purified adaptor-ligated DNA (5 µL of indexed primer 425 
is included in this volume). 426 
 427 
14.4. Mix the solution by pipetting. 428 
 429 
14.5. Incubate in a thermocycler using the following reaction conditions with a maximum ramp 430 
rate of 3 °C/s: 98 °C for 45 s, 98 °C for 45 s, 60 °C for 10 s, repeat the second and third steps 21 431 
times, 72 °C for 1 min, hold at 4 °C. 432 
 433 
NOTE: The samples can be kept at 4 °C for short-term storage or -20 °C for long-term storage. 434 
 435 
15. Polystyrene‒magnetite bead clean-up 436 
 437 
15.1. Add 60 µL (1.2x) of polystyrene‒magnetite beads to each sample. 438 



 439 
15.2. Resuspend the beads by pipetting and incubate for 15 min at room temperature. 440 
 441 
15.3. Place the plate on a magnetic rack for 5 min until the solution is clear. 442 
 443 
15.4. Discard the supernatant and rinse the beads with 200 µL of 80% EtOH without disturbing 444 
the beads. 445 
 446 
15.5. Repeat the wash step for a total of two 80% EtOH washes. 447 
 448 
15.6. Spin the plate at 500 x g for 10 s, place the plate on a 96-well magnetic rack, and allow the 449 
beads to bind for 5 min. 450 
 451 
15.7. Pipette to remove excess EtOH without disturbing the beads and allow the beads to air-dry 452 
for 2 min. 453 
 454 
NOTE: Do not over-dry the beads. 455 
 456 
15.8. Resuspend the beads in 21 µL of nuclease-free water and incubate for 5 min at room 457 
temperature. 458 
 459 
15.9. Place the plate on a magnetic rack and allow the solution to clear for 5 min. 460 
 461 
15.10. Transfer 20 µL of the supernatant to a new plate. 462 
 463 
NOTE: The experiment can be stopped here by storing the sample at -20 °C. 464 
 465 
15.11. Quantify library concentrations with a fluorometer (see Table of Materials), using a 1x HS 466 
reagent. 467 
 468 
15.12. If the concentration allows, run 30 ng of sample on 1.5% agarose gel with a low molecular 469 
weight ladder to visualize. Alternatively, visualize on a Fragment Analyzer or related instrument. 470 
 471 
15.13. Sequence libraries on an Illumina platform to obtain ~50,000–100,000 uniquely mapped 472 
reads. 473 
 474 
REPRESENTATIVE RESULTS: 475 
Here, a detailed protocol is presented for single-cell protein profiling on chromatin using a 96-476 
well manual format uliCUT&RUN. While results will vary based on the protein being profiled (due 477 
to protein abundance and antibody quality), cell type, and other contributing factors, anticipated 478 
results for this technique are discussed here. Cell quality (cell appearance and percent of viable 479 
cells) and single-cell sorting should be assessed prior to or at the time of live-cell sorting into the 480 
NE buffer. An example of ES cell colonies and cell sorting is shown in Figure 2A,B. Specifically, 481 
low-quality cells should not be used, and if the quality is an issue, care should be taken to follow 482 



guidelines for the specific cell type. In addition, accurate cell sorting by the cell sorting instrument 483 
should be assessed in advance of experimentation. For example, test cells could be sorted and 484 
stained using Hoechst 33342 stain and counted to assure either 0 or 1 cell is found in each well. 485 
If single cells are not found, sorting conditions must be optimized. After library preparation, 486 
samples can be assessed on either an agarose gel (if the concentration permits for loading of 30 487 
ng or more, as there is a lower limit to DNA visualization on an agarose gel) or a Fragment 488 
Analyzer (or similar device such as a Tapestation or Bioanalyzer) prior to sequencing and example 489 
results are shown in Figure 2C,D. Specifically, the expected size distribution is from ~150 to ~500 490 
bp. In higher cell amounts, CUT&RUN performed on large proteins (such as histones) will have a 491 
right-sided size distribution, where the majority of DNA will be seen ~270 bp; however, this 492 
shoulder is typically not observed in single-cell experiments. 493 
 494 
After sequencing, the quality of the sequencing reads should be assessed using FASTQC. The 495 
percent of uniquely mapping reads should be determined. Typically, 0.5%–10% uniquely mapping 496 
reads are observed in single-cell experiments. These mapping percentages are similar to other 497 
DNA-based single-cell techniques30. Next, the size distribution of the reads after mapping should 498 
be determined to assure the profile is similar to pre-sequencing (with the adaptor sequence no 499 
longer contributing to the read sizes). 500 
 501 
After data quality has been assessed, protein occupancy can be visualized using various methods: 502 
single locus genome browser images can be visualized using UCSC genome browser or IGV (Figure 503 
3A) and genome-wide occupancy patterns over specific genomic coordinates can be visualized 504 
using metaplots (Figure 3B, bottom), heatmaps (Figure 3B, top), or 1D heatmaps (Figure 3C). For 505 
more information on data analysis, refer to the study by Patty and Hainer27. Single-cell data from 506 
a diploid cell will result in up to four reads contributing to each locus (four reads if the cell was in 507 
mitosis), but more often one or two reads. Therefore, the data is binary, and a high background 508 
can be more easily mistaken for occupancy, relative to high cell experiments. Therefore, it is 509 
recommended to perform a parallel CUT&RUN experiment on a high cell number (5,000 to 510 
100,000 cells), if possible, to acquire all the possible binding locations for the protein of interest. 511 
Then, single-cell data can be compared to possible binding locations. In the examples shown in 512 
Figure 3, single-cell CTCF uliCUT&RUN results are compared to high cell CTCF uliCUT&RUN (Figure 513 
3A) or ChIP-seq (Figure 3B,C). As demonstrated previously, it is found that CTCF, SOX2, and 514 
NANOG single-cell uliCUT&RUN peaks largely represented stronger peaks from high cell ChIP-seq 515 
datasets23. 516 
 517 
FIGURE AND TABLE LEGENDS: 518 
Figure 1: Schematic of the uliCUT&RUN protocol. Cells are harvested and sorted into a 96-well 519 
plate containing NE buffer. Individual nuclei are then bound to ConA-conjugated paramagnetic 520 
microspheres, and sequentially an antibody (targeting the protein of interest) and pA-MNase or 521 
pA/G-MNase are added. Protein-adjacent DNA is cleaved via MNase, and DNA is then purified for 522 
use in library preparation. This figure was created with Biorender.com. 523 
 524 
Figure 2: Example results from cell sorting and quality control of uliCUT&RUN libraries. (A) 525 
Image of high-quality murine embryonic stem (ES) cells. Scale bar: 200 µm. (B) Output from 526 
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single-cell sorting after adding 7AAD to harvested ES cells and sorting on a FACS instrument. (C) 527 
Ethidium bromide-stained agarose gel depicting completed uliCUT&RUN libraries. Lane 1 is a low 528 
molecular weight ladder and lanes 2–21 are examples of successful individual single-cell 529 
uliCUT&RUN libraries prior to sequencing. (D) Ethidium bromide-stained agarose gel depicting 530 
sub-optimal and optimal completed uliCUT&RUN libraries. Lane 1 is a low molecular weight 531 
ladder, lane 2 is a sub-optimal library due to inefficient MNase digestion, and lane 3 is a successful 532 
library with appropriate digestion. (E) Fragment analyzer distribution of one single cell 533 
uliCUT&RUN library prior to sequencing. 534 
 535 
Figure 3: Example of expected results for single ES cell uliCUT&RUN data. (A) Browser track of 536 
high cell number (5,000 cells) CTCF or negative control (No Antibody, No Ab) uliCUT&RUN (top 537 
two tracks) and single-cell CTCF uliCUT&RUN. The image is reproduced, with permission, from 538 
Patty and Hainer27. (B) Heatmaps (top) and metaplots (bottom) of single-cell CTCF or negative 539 
control (No Ab) uliCUT&RUN over previously published CTCF ChIP-seq sites (GSE11724). The 540 
image is reproduced, with permission, from Hainer et al.23. (C) 1D heatmaps of single-cell CTCF 541 
or negative control (No Ab) uliCUT&RUN over previously published CTCF ChIP-seq sites 542 
(GSE11724). The image is reproduced, with permission, from Hainer et al.23. 543 
 544 
Table 1: Composition of various buffers used in this protocol. Volume of stock solution required 545 
is listed with final concentration written in parentheses. 546 
  547 
DISCUSSION: 548 
CUT&RUN is an effective protocol to determine protein localization on chromatin. It has many 549 
advantages relative to other protocols, including: 1) high signal-to-noise ratio, 2) rapid protocol, 550 
and 3) low sequencing read coverage required thus leading to cost savings. The use of Protein A- 551 
or Protein A/G-MNase enables CUT&RUN to be applied with any available antibody; therefore, it 552 
has the potential to quickly and easily profile many proteins. However, adaptation to single-cell 553 
for any protein profiling on chromatin has been difficult, especially when compared to single-cell 554 
transcriptomics (i.e., scRNA-seq), due to the low copy number of DNA relative to RNA (two to 555 
four copies of DNA versus possible thousands of RNA copies). 556 
 557 
In the protocol detailed above, several critical steps should be considered. First, the appropriate 558 
sorting of cells is dependent on the cell (or tissue) type, and care should be taken for accurate 559 
sorting. It is recommended to test how effective single-cell sorting is with the instrument in 560 
advance of any experiment. Second, effective antibody choice is essential. Before proceeding to 561 
a single-cell application, it is recommended to test the antibody in a high cell number experiment 562 
(as well as other standard antibody tests, such as confirming specificity using western blot after 563 
knockdown, titration of the antibody in CUT&RUN experiments, etc.). Third, use a negative 564 
control, such as IgG or no primary antibody, because an appropriate comparison to the 565 
experimental samples is essential for the interpretation of the data quality and biological results. 566 
When comparing single-cell experimental results to a high cell number dataset, the negative 567 
control single-cell experiments should have less read coverage over those binding sites identified 568 
in the high cell experiment and rather have a random distribution of reads across the genome 569 
(with a bias for open regions of chromatin). Fourth, care should be taken when adding and 570 
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activating the Protein A- or Protein A/G-MNase so as not to over digest the chromatin: do not 571 
overheat the samples with your hands, maintain the samples in an ice/water-bath temperature 572 
(0 °C), and chelate the reaction at the appropriate time. Fifth, care should be taken throughout 573 
the uliCUT&RUN experiment and library preparation, due to low material. For example, extended 574 
incubation on the magnetic rack during bead binding to assure the supernatant has cleared and 575 
taking care not to disturb the beads when removing the supernatant are essential for sufficient 576 
yield. Sixth, depending on the questions being addressed, the number of single-cell experiments 577 
being performed is an important consideration. Some of the single-cell experiments will fail (as 578 
with all low-input experiments), and, therefore, the number of positive experimental results 579 
required for appropriate interpretation should be considered in advance of beginning the 580 
experiment. The number of cells to include in the experiment is dependent on the amount of 581 
experimental data required by the investigator and the quality of the antibody. Finally, note that 582 
equivalent results could be achieved with reduced volumes of many aspects of this protocol. 583 
Steps, where the volume was reduced by 50%, include the volume of NE buffer, wash buffer, 584 
primary antibody mixture (including the amount of primary antibody), pA-MNase mixture 585 
(including the amount of pA-MNase), and all steps in the library preparation. 586 
 587 
Based on the complicated nature of factor profiling on chromatin, there are many potential 588 
sources of issues and places where troubleshooting may become necessary. While there may be 589 
many steps where issues can arise, three major issues have been observed here: 1) low DNA yield 590 
for input into library build; 2) high background signal in experimental samples, and 3) low yield 591 
after library build. If there is insufficient DNA for library preparation and sequencing (point 1), 592 
note the following troubleshooting advice: a) there may have been incomplete membrane lysis 593 
and therefore the lysis time with NE buffer can be increased; b) there may have been inefficient 594 
binding of the nucleus to the ConA-conjugated paramagnetic microspheres and this could be 595 
remedied through appropriate mixing upon addition of these beads; c) there may have been too 596 
little antibody added, and therefore it is recommended to perform a titration of antibody to 597 
identify the most effective amount; d) incubation times with either the primary antibody or the 598 
Protein A- or Protein A/G-MNase are either too short (i.e., not enough time to permit binding) or 599 
too long (these are native, uncrosslinked samples), and could be optimized; e) the interaction of 600 
the target protein with chromatin could be too transient to capture in native conditions and 601 
therefore crosslinking CUT&RUN could be performed28. While single-cell datasets will yield high 602 
background, there may be excessively high background where the signal is hard to interpret from 603 
the background (point 2). For this issue, note the following advice: a) the blocking step with EDTA 604 
to prevent pre-emptive MNase digestion could be increased or optimized; b) if there is excessive 605 
cutting, it could be due to having too much Protein A- or Protein A/G-MNase, and therefore a 606 
titration of appropriate amounts can be performed; c) over digestion by MNase could result in 607 
the high background, and therefore the appropriate mixing of calcium chloride upon addition 608 
and optimization for MNase digestion time should be assessed. Finally, efficient uliCUT&RUN-609 
enriched DNA may have been recovered, but a low amount of library may be recovered (point 610 
3). For this issue, the following are recommended: a) appropriate handling and use of 611 
polystyrene‒magnetite beads to assure the correct purification and no DNA loss; specifically, it 612 
is recommended to have 15 min incubations and a minimum of 5 min to magnetize beads to 613 
prevent loss; b) under-amplification of the library at the PCR stage would result in low yield and 614 
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therefore the appropriate cycles should be determined using qPCR (as previously established for 615 
ATAC-seq libraries29). 616 
 617 
As with all technologies, there are limitations to uliCUT&RUN that should be considered before 618 
initiating any experimentation. First, these experiments are designed and optimized for native 619 
conditions, and therefore if a protein is only transiently interacting with chromatin, a crosslinking 620 
approach may be necessary to ensure recovery of the interaction. Second, as with all antibody-621 
based techniques, the quality of the antibody is important. Care should be taken to assure the 622 
quality and consistency of the antibody in advance of undertaking any experiments. Third, MNase 623 
background cutting can occur and, while there is a consistently lower background signal in 624 
CUT&RUN relative to other experiments, the background signal can be high in single-cell 625 
experiments and therefore appropriate controls and analyses should be performed. While the 626 
binary nature of single-cell profiling data limits the visualization, more advanced computational 627 
genomic technologies, such as dimensional reduction and others can be performed (as previously 628 
described27). Finally, while single-cell profiling has been expanded here to 96-well format, this is 629 
low throughput relative to other single-cell technologies that utilize 10xGenomics or other 630 
formats. 631 
 632 
Tethering-based profiling technologies such as ChEC-seq20, CUT&Tag24, CUT&RUN21, and 633 
uliCUT&RUN23, can determine factor localization on chromatin with a faster experimental 634 
timeline, lower background, and lower cost than traditional profiling technologies, such as ChIP-635 
seq. Therefore, these are very exciting technologies for application to precious samples such as 636 
patient samples or early developmental samples. Furthermore, application to single cells can 637 
provide complementary studies performed using other single-cell experiments such as scRNA-638 
seq and scATAC-seq30. As described using these more broadly used single-cell technologies, novel 639 
insights can be gained relative to bulk cell experiments. Single-cell protein profiling on chromatin 640 
is anticipated to become more regularly used as the technologies continue to improve and permit 641 
more parallelization. 642 
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Volume of buffers needed is dependent on number of samples.

All buffers can be stored at 4 °C for up to one year, unless otherwise noted.

Nuclear Extraction Buffer (NE; 50 mL):

Binding Buffer (20 mL):

Wash Buffer (100 mL):

Blocking Buffer (5 mL):

2XRSTOP+ Buffer (15 mL):

PBS + 1% FBS (5 mL):
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Volume of buffers needed is dependent on number of samples.

All buffers can be stored at 4 °C for up to one year, unless otherwise noted.

1 mL of 1M HEPES-KOH pH 7.9 (20 mM)

500 µL of 1 M KCl (10 mM)

12.5 µL of 2 M Spermidine (0.5 mM)

500 µL of 10% Triton X-100 (0.1%)

12.5 mL of 80% Glycerol (20%)

Volume up to 50 mL with autoclaved double distilled water

Store at 4 °C up to 1 year

Add protease inhibitors fresh upon each use of buffer

Caution: KOH and Triton X-100 are both hazardous. Use in a chemical fume hood wearing gloves, googles and a lab coat for safety. 

400 µL of 1 M HEPES-KOH pH 7.9 (20 mM)

200 µL of 1 M KCl (10 mM)

20 µL of 1 M CaCl2 (1 mM)

20 µL of 1 M MnCl2 (1 mM)

Volume up to 20 mL with autoclaved double distilled water

Store at 4 °C up to 1 year

2 mL of 1 M HEPES-KOH pH 7.5 (20 mM)

3 mL of 5 M NaCl (150 mM)

25 µL of 2 M Spermidine (0.5 mM)

333 µL of 30% BSA (0.1%)

Volume up to 100 mL with autoclaved double distilled water

Store at 4 °C up to 1 year

Add protease inhibitors fresh upon each use of buffer

Made on the same day experiment is being performed

5 mL of pre-made Wash Buffer with protease inhibitors included

20 µL of 0.5M EDTA (2 mM)

600 µL of 5 M NaCl (200 mM)

600 µL of 0.5 M EDTA (20 mM)

300 µL of 0.2 M EGTA (4 mM)

Volume up to 15 mL with autoclaved double distilled water

Store at 4 °C up to 1 year

Add fresh per 1 mL of STOP buffer: 

5 µL of 10 mg/mL RNase A (50 µg/mL)

2 µL of 20 mg/mL Glycogen (40 µg/mL)

1 µL of 10 ng/mL heterologous spike-in DNA (10 pg/mL)

5 mL of PBS

1% FBS

Mix well and filter sterilize

Store at 4 °C up to 1 month



Caution: KOH and Triton X-100 are both hazardous. Use in a chemical fume hood wearing gloves, googles and a lab coat for safety. 
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We thank the Reviewers for their comments. Our responses are in Red.  
 
 
Reviewer #1: 
Major Concerns: 
The authors should specify the improvement of this protocol to the one they published on 
Benjamin J. Patty & Sarah J. Hainer et al. Nature protocols and Sarah J. Hainer, Thomas G. 
Fazzio et la. Currentprotocols. Otherwise, I don't see the point to publish the same thing 
again and again. 
 
We appreciate the Reviewers comment. When invited to write this article, we noted to the 
editors that we had previously published those above-mentioned articles. The editors still 
wanted us to contribute and noted that JOVE finds novelty in the accompanying video that 
is generated. Therefore, we obliged and put together this manuscript. Of note, we have 
updated our protocol to include 96-well format for single cell application, which is uniquely 
discussed in this protocol. 
 
Reviewer #2: 
Manuscript Summary: 
Lardo and Hainer., "Single cell factor localization on chromatin using uliCUT&RUN" 
In this manuscript, Lardo and Hainer detail their protocol for single cell CUT&RUN assays in 
a plate (96well) format. CUT&RUN and other similar methods have become the 
predominant method for characterizing protein-DNA interactions in the context of the 
nucleus and methods that can provide single cell resolution are increasingly important. 
Critically, single cell experiments typically require high numbers of cells so optimized 
methods for high-throughput work are valuable. 
The methods paper clearly describes most of the steps in the protocols used by the 
laboratory. However, the rationale and requirements for many critical steps could use 
additional detail or discussion, particularly to highlight potential pitfalls. Including critical 
lessons learned as part of establishing these methods would facilitate other researchers in 
make modifications, such as automation, that would further take advantage of the 
laboratory's work. A subset of these are highlighted below but the authors should review 
their manuscript for additional locations where specific reagent choices were critical for the 
success of their method. 
Thank you for these suggestions. We have gone through all your suggestions and added 
discussion of these items as well as a few other aspects that, upon re-reading, we identified 
as requiring more discussion. 
 
Major Concerns: 
The selection of the cell sorter (and it's set up) is likely valuable. Many of the details of the 
protocol cited here likely directly tied to the instrumentation and its limitations. These would 
include the number of cells to start with (2.7), target volume of lysis buffer (3.1), etc. Is 
100uL used because that is the lowest volume that would successfully give high fractions of 
cells loaded into the well? What is the fraction of wells with cells you expect? 
Thank you for this discussion. The instrument and cell input go hand in hand. We have used 
FACS Aria II instruments (included in our Materials Table), and the recommended input is 1 
million cells (in 1mL), which is why that is described here. We recovered 80-95% of wells 
with single cells, and the remainder with 0 cells. We have now recommended that readers 
test the sorting efficiency in advance (Lines 157-158; 380-381; 454-456). We have always 

Response to Reviews Letter Click here to access/download;Rebuttal Letter;Reviewer
Responses.docx
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initially lysed the cells in 100µL; partly to make sure it is a high volume and we can capture 
the cell, and also out of habit. This is not a volume we have altered in our protocol to this 
point. 
 
Along the same lines, the choice of plate you are using is likely critical as well - presumably 
favoring low bind v-bottom plates? More explicit inclusion of details where an uninformed 
user could scuttle their experiment would be beneficial throughout the manuscript. 
Thank you for this recommendation, we have included the plates in the materials table. 
 
With the cell spin down (3.5) how much loss is expected? Are there cell types tested where 
the nucleus is not reliably brought to the bottom of the well. 
With this low-speed spin, we do not observe lysis of murine ES cells. We have performed 
CUT&RUN on a few other cell types, and in bulk cells, we do not observe lysis; however we 
have not performed single cell CUT&RUN in other cell types.  
 
In all cases, the volumes of reagents used are enormous given the very tiny amount of 
sample. Why were such large volumes chosen? Have the authors explored the impact of 
lowering these volumes? Many reactions would be expected to work better in a lower 
volume situation, but what is the impact on the MNase reaction? Is that less well controlled? 
A further discussion on these points would be helpful. 
Thank you for pointing this out. We have been testing reductions in some of the reagents 
recently in our lab and have obtained robust results for some but not all reagents. We are 
including here what we are 100% confident in working; but have now added a discussion 
about how some of these volumes could be decreased based on your suggestion (Lines 
481-485). 
 
For the adaptor ligation/library construction, how different is this method from kitted 
protocols such as NEB UltraII where miniaturization of the reactions has been demonstrated 
with robust results? 
The library construction method we use follows a similar protocol to the Illumina kit, but by 
sourcing the reagents separately we can save money. However, we have also tested using 
the kit for library preparation and it works as well. 
 
In analysis, if only 0.5%-10% of the reads are alignable, what are the other 90+% of the 
reads? Are they all just the spike in? If so, to get 100k aligned reads, you are needing 1m-
20m reads per cell? 
Yes, as is common in all single cell DNA-based datasets (including scATAC-seq and 
scDNase-seq), there are small % mapped reads in these datasets (we have noted this on 
Line 394). The majority of the reads are spike in and random bacterial reads. In our original 
2019 paper (Hainer et al Cell 2019) where we originally described this method, we compare 
CUT&RUN data to scATAC-seq data and actually find a higher percent mapping. And yes, 
you are correct that given the low mapping, the amount of raw sequencing reads required is 
high.  
 
The negative control in all ChIP experiments is always challenging to interpret since so few 
molecules would be expected to be released. What results are you observing in failed 
experiments where the negative control is proving valuable as a control for the experiment? 
What peaks or data points are you able to exclude? 



In single cell experiments, the negative control is also hard to interpret. However, if one has 
high cell CUT&RUN (or ChIP-seq) data to compare the single cell datasets to (as we 
suggest in this article), the negative control would have less reads contributing to the 
locations that high cell datasets have identified as a binding site for the protein of interest, 
but rather have a random distribution of reads across the majority of the genome (with a 
bias for open regions of chromatin). In single cell experiments, the negative control can be 
used as an “input” type, where reads could be subtracted. However, given the sparse 
nature of single cell datasets, we do not recommend this, but rather use the negative control 
as a comparison of reads over the locations of interest (as defined by high cell datasets).  
(Lines 460-466) 
 
The authors indicate that, because of the expected failure rate, additional samples should 
be done (line 460). How do you decide on the number of cells you want to process to 
compensate for an expected failure rate? 
This is complicated, as it is largely dependent on the factor being profiled. For robust 
antibodies, the number of cells is likely lower than for a weak antibody. In addition, it is 
possibly cell type dependent. (Lines 476-480) 
 
The authors indicate a number of possible failure modes but were these observed or simply 
hypothetical? For example, incomplete lysis of a single cell would seem to be quite unlikely. 
These are observed failures in CUT&RUN experiments we have performed, although this 
includes both high cell and single cell experiments. We wanted to be thorough in what we 
included, and therefore included everything we have experienced. 
 
Minor Concerns: 
Typo in line 110: presumably this should be pg/uL? 
It is actually pg/mL, however, thank you for identifying that we did not detail carefully 

enough the volume added here (15 µL). 
 
For 96 well work, the choice of the magnetic rack can be a critical step and should be 
included. 
Thank you for this suggestion! We have included the magnetic rack we prefer to use in the 
Materials Table. 
 
The baseline for the trace in figure 2D is clearly set up incorrectly. 
Thank you for this comment. This is an example of a library pre-sequencing, and therefore 
adapters are still present, so the size distribution is ~200-400bp. This trace is reflective of a 
typical distribution before adapters are removed for the analysis.  
 
 
Reviewer #3: 
Manuscript Summary: 
It is a well-written manuscript although the method has been described and published on 
Cell (2019) and Nature Protocols (2021). A few questions/ comments are listed as minor 
concerns. 
 
Minor Concerns: 
Line 117: Please briefly describe Bio-Mag ConA beads. 



Thank you for this comment; we have included a “NOTE” describing these beads (Line 119-
120) 
 
Line 145: Please briefly describe the purpose of adding 7-AAD. 
Thank you for this comment; we have included a “NOTE” describing the purpose of 7-AAD 
(Line 149-150). 
 
Line 216: Please briefly describe the purpose of adding CaCl2. 
Thank you for this comment; we have included a “NOTE” regarding the purpose of CaCl2 
(Line 225-226). 
 
Figure 2C: The DNA visualization on agarose gel is not clear enough. 
Thank you for this comment; the gel is hard to see. We have provided a higher quality 
image for the reads to visualize more easily (Figure 2C) 
 
Figure 3: The figure has been published in Reference 23. Authors may consider using 
another set of uliCUT&RUN data as example, either on different cell or using different 
antibody to convince readers this protocol's reliability and wide application. 
Thank you for the comment; JOVE allows previously published work to be included and 
since we do not want to “scoop” our own work and publish work for a primary dataset, we 
have chosen to use previously published datasets. 
 
Line197: add the example of optimal MNase digestion vs. sub-optimal MNase digestion will 
be beneficial for the readers. 
Thank you for the suggestion, we have included this example as Figure 2D. 
 
Line233: It should be 20 mg/mL instead of 20 mg/mm 
Thank you for catching this typo. It has been corrected.  
 



11/3/21, 9:02 PM RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 1/8

ELSEVIER LICENSE

TERMS AND CONDITIONS

Nov 03, 2021

This Agreement between Sarah Hainer ("You") and Elsevier ("Elsevier") consists of your
license details and the terms and conditions provided by Elsevier and Copyright Clearance
Center.

License Number 5181640468051

License date Nov 03, 2021

Licensed Content Publisher Elsevier

Licensed Content Publication Cell

Licensed Content Title Profiling of Pluripotency Factors in Single Cells and Early
Embryos

Licensed Content Author Sarah J. Hainer,Ana Bošković,Kurtis N. McCannell,Oliver J.
Rando,Thomas G. Fazzio

Licensed Content Date May 16, 2019

Licensed Content Volume 177

Licensed Content Issue 5

Licensed Content Pages 22

Start Page 1319

End Page 1329.e11

Cell Permission Document Click here to access/download;Supplemental File (Figures,
Permissions, etc.);CellFigurePermission2.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1423074&guid=3564978a-1a3c-437e-894c-20775200360f&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1423074&guid=3564978a-1a3c-437e-894c-20775200360f&scheme=1


11/3/21, 9:02 PM RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 2/8

Type of Use reuse in a journal/magazine

Requestor type academic/educational institute

Portion figures/tables/illustrations

Number of
figures/tables/illustrations 1

Format electronic

Are you the author of this
Elsevier article? Yes

Will you be translating? No

Title of new article Single cell factor localization on chromatin using
uliCUT&RUN

Lead author Sarah Hainer

Title of targeted journal JOVE

Publisher MyJove Corp.

Expected publication date Mar 2022

Portions Figure 4A, Figure 4B

Requestor Location

Sarah Hainer

4249 Fifth Ave

527 Langley Hall


PITTSBURGH, PA 15260

United States

Attn: University of Pittsburgh

Publisher Tax ID 98-0397604



11/3/21, 9:02 PM RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 3/8

Total 0.00 USD

Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier’s permissions helpdesk here). No modifications can be made to
any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be

http://myaccount.copyright.com/
https://service.elsevier.com/app/contact/supporthub/permissions-helpdesk/


11/3/21, 9:02 PM RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 4/8

deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.

9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE

The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at



11/3/21, 9:02 PM RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 5/8

http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:

Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

http://www.sciencedirect.com/science/journal/xxxxx
http://www.elsevier.com/
http://www.elsevier.com/


11/3/21, 9:02 PM RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 6/8

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

 

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third

http://www.crossref.org/crossmark/index.html
http://www.elsevier.com/about/open-access/open-access-policies/article-posting-policy


11/3/21, 9:02 PM RightsLink Printable License

https://s100.copyright.com/AppDispatchServlet 7/8

party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:

Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.

Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
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