
Journal of Visualized Experiments
 

Isolation and staining of mouse skin keratinocytes for cell cycle specific analysis of
cellular protein expression by Mass cytometry

--Manuscript Draft--
 

Article Type: Invited Methods Article - JoVE Produced Video

Manuscript Number: JoVE59353R2

Full Title: Isolation and staining of mouse skin keratinocytes for cell cycle specific analysis of
cellular protein expression by Mass cytometry

Keywords: Cell Cycle;  epidermis;  skin;  Keratinocyte isolation;  Mouse Models;  Mass Cytometry;
Proliferation;  Correlation of protein expression;  Single cell analysis

Corresponding Author: Enrique Torchia, Ph.D.
University of Colorado
Aurora, CO UNITED STATES

Corresponding Author's Institution: University of Colorado

Corresponding Author E-Mail: Enrique.Torchia@ucdenver.edu

Order of Authors: Josiah Fernandez

Enrique C Torchia, Ph.D.

Additional Information:

Question Response

Please indicate whether this article will be
Standard Access or Open Access.

Standard Access (US$2,400)

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

Aurora/CO/US

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



         

TITLE:  1 
Isolation and Staining of Mouse Skin Keratinocytes for Cell Cycle Specific Analysis of Cellular 2 
Protein Expression by Mass Cytometry 3 
 4 
AUTHORS and AFFILIATIONS:  5 
Josiah Fernandez1 and Enrique C Torchia1 6 
 7 
1Department of Dermatology and Charles C. Gates Center for Regenerative Medicine, University 8 
of Colorado Anschutz Medical Campus, Aurora, CO 9 
 10 
Corresponding Author: 11 
Enrique C. Torchia  (Enrique.Torchia@ucdenver.edu) 12 
 13 
Email Address of the Co-Author: 14 
Josiah Fernandez  (Josiah.Fernandez@ucdenver.edu) 15 
 16 
KEYWORDS:  17 
Cell Cycle, Epidermis, Skin, Keratinocyte isolation, Mouse models, Mass cytometry, Proliferation, 18 
Correlation of protein expression, Single cell analysis 19 
 20 
SUMMARY:  21 
This protocol describes how to isolate skin keratinocytes from mouse models, to stain with metal-22 
tagged antibodies, and to analyze stained cells by mass cytometry in order to profile the 23 
expression pattern of proteins of interest in the different cell cycle phases. 24 
 25 
ABSTRACT:  26 
The goal of this protocol is to detect and quantify protein expression changes in a cell cycle-27 
dependent manner using single cells isolated from the epidermis of mouse skin. There are seven 28 
important steps: separation of the epidermis from the dermis, digestion of the epidermis, 29 
staining of the epidermal cell populations with cisplatin, sample barcoding, staining with metal 30 
tagged antibodies for cell cycle markers and proteins of interest, detection of metal-tagged 31 
antibodies by mass cytometry, and the analysis of expression in the various cell cycle phases. The 32 
advantage of this approach over histological methods is the potential to assay the expression 33 
pattern of >40 different markers in a single cell at different phases of the cell cycle. This approach 34 
also allows for the multivariate correlation analysis of protein expression that is more 35 
quantifiable than histological/imaging methods. The disadvantage of this protocol is that a 36 
suspension of single cells is needed, which results in the loss of location information provided by 37 
the staining of tissue sections. This approach may also require the inclusion of additional markers 38 
to identify different cell types in crude cell suspensions. The application of this protocol is evident 39 
in the analysis of hyperplastic skin disease models like cancer. Moreover, this protocol can be 40 
adapted for the analysis of specific sub-type of cells (e.g., stem cells) by the addition of lineage-41 
specific antibodies. This protocol can also be adapted for the analysis of skin cells in other 42 
experimental species. 43 
 44 
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INTRODUCTION:  45 
Correlation of the gene expression with cell cycle stages remains a challenge in the analysis of 46 
animal models of hyperplastic diseases like cancer. Part of this challenge is the co-detection of 47 
proteins of interest (POI) with markers of proliferation. Proliferative cells can be found in various 48 
cell cycle phases including G1, S, G2, and M. Ki67 is one of most commonly used markers of 49 
proliferation and is expressed in all phases of the cell cycle. It has been extensively used in the 50 
analysis of both human and mouse tissues1-3. However, like other general proliferation markers, 51 
Ki67 does not discern individual cell cycle phases. A more specific approach uses the 52 
incorporation of thymidine nucleotide analogs like bromo deoxy uridine (BrdU) into cells that are 53 
actively replicating their genome (i.e., S-phase)4,5. One drawback to the use of nucleotide analogs 54 
is the need to administer them to live animals hours before analysis. Ki67 and BrdU are commonly 55 
detected on fixed tissue sections by the use of antibodies. One advantage of this approach is that 56 
the location of POIs can be ascertained within the tissue architecture (e.g., the basal layer of skin 57 
epidermis). This approach also does not require tissue dissociation that may lead to changes in 58 
gene expression. One disadvantage is that the tissue fixation or the processing of the tissue for 59 
OCT frozen or paraffin sectioning may occlude antibody targets (i.e., antigens). Retrieval of 60 
antigens typically requires heat or tissue digestion. Quantification of staining intensities can also 61 
be challenging. This is due to variations in staining, section thickness, signal detection, and 62 
experimenter bias. Moreover, a limited number of makers can be detected simultaneously in 63 
most typical laboratory setups. Yet, newer multiplex staining approaches promise to overcome 64 
these limitations; examples are imaging mass cytometry and Tyramide signal amplification6,7.  65 
 66 
Flow cytometry is another powerful technology to detect proliferating cells. It allows for 67 
multiplex detection of markers in the same cells but requires tissue dissociation for most non-68 
hematopoietic cell types. Analysis of proliferating cells is routinely done by the use of dyes that 69 
bind DNA (e.g., Propidium Iodide (PI))8. Flow cytometry also permits a more precise 70 
determination of cell cycle phases when coupled with the detection of BrdU incorporation9. 71 
Although a powerful approach, BrdU/PI flow cytometry does have its disadvantages. It is unable 72 
to resolve the G2/M and G0/G1 phases without the inclusion of phase-specific antibodies. 73 
However, the number of antibodies that can be used is limited by cellular autofluorescence, 74 
spectral spillover of fluorophore emissions, and the use of compensation controls. This 75 
limitation makes it more challenging and laborious to co-detect the expression of cell cycle 76 
markers with POIs. A more facile approach is to use mass cytometry10,11. This technology 77 
uses metal conjugated antibodies that have a narrower detection spectrum. Once cells are 78 
stained with metal-tagged antibodies, they are vaporized, and the metals detected by cytometry 79 
time-of-flight (CyTOF) mass spectrometry. Due to these properties, mass cytometry enables the 80 
multiplex detection of >40 different markers using existing platforms10,11. In addition, it is 81 
possible to barcode samples with metals that result in the savings of precious antibodies while 82 
reducing sample-to-sample staining variability. On the other hand, mass cytometry does have 83 
several disadvantages. There are a limited number of commercially available metal-tagged 84 
antibodies for non-blood derived cells. Quantification of DNA content is less sensitive compared 85 
to the use of fluorescent DNA dyes and mass cytometry has a reduced dynamic range of signal 86 
detection compared to fluorescence flow cytometry.  87 
 88 
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The protocol described here was designed to analyze cell cycle dynamics from newly isolated 89 
keratinocytes (KCs) from mouse skin and characterize cell cycle specific protein expression in 90 
these cells using mass cytometry. This protocol can also be used with cultured cells or adapted 91 
to other cell types.  92 
 93 
PROTOCOL: 94 
 95 
The University of Colorado Anschutz Medical Campus’ Institutional Animal Care and Use 96 
Committee approved the animal experiments described in this protocol. 97 
 98 
1. Preparations 99 
 100 
1.1 Design a metal-tagged antibody panel. Use the free online panel design software12 and 101 
include 127IododeoxyUridine (IdU), 164Dy (Dysprosium) labeled anti-CCNB1 (CYCLIN B1), 175Lu 102 
(Lutetium) phosphor (p)–HistoneH3Ser28 (pHH3), and 150Nd (Neodymium)-pRetinoblastoma 103 
proteinSer807/811 (pRB)13. Add additional metal-tagged antibodies that do not overlap in their 104 
channel signal14.  105 
 106 
1.2 Prepare an IdU stock solution. Dissolve IdU powder at 10 mg/mL in 0.1 N NaOH at 60 °C. 107 
Aliquot IdU stock solution into microcentrifuge tubes and freeze at -20 °C for long-term storage.  108 
 109 
1.2.1 Adjust the pH of IdU solution to 7.5 with 12 N HCl immediately before use. Test with a pH 110 
strip on a discard aliquot to ensure the solution is at pH 7.5.  111 
 112 
NOTE:  Prolonged time (>5 min) of IdU at pH 7.5 will result in precipitation and a fresh aliquot of 113 
IdU is needed when this happens.  114 
 115 
1.2.2 Use appropriate personal protective equipment (e.g., gloves, lab coat, and safety glasses) 116 
and work in a safety cabinet when handling NaOH or HCl solutions.  117 
 118 
1.3 Prepare a 2x paraformaldehyde (PFA) fixing solution. Combine 5 mL of 10x PBS (pH 7.5) and 119 
1 mL of 16% PFA with 44 mL of pure molecular grade dH2O (3.2% final concentration).  120 
 121 
NOTE: A stock of PFA can be prepared as previously published15 or purchase 16% stocks free of 122 
contaminating metals. 123 
 124 
1.3.1 Use appropriate personal protective equipment and work in the safety cabinet when 125 
handling PFA powder and solutions. 126 
 127 
1.4 Prepare barium (Ba2+) free 1x PBS by combining 5 mL of metal-free 10x PBS (pH 7.5) with 45 128 
mL of pure molecular grade dH2O.  129 
 130 
NOTE: The quality of PBS and other reagents is very important to avoid contaminating metals 131 
that can introduce background noise during analysis of mass cytometric data. 132 
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 133 
1.5 Prepare a 100 mM cisplatin stock solution. Dissolve 300.5 mg of cisplatin powder in 10 mL of 134 
DMSO. Store in aliquots at -80 °C. Prepare a 10 mM cisplatin working solution for experiments to 135 
be used over 1 d.  136 
 137 
1.6 Prepare epidermis/dermis separation solutions. Prepare a 20x dispase stock solution by 138 
dissolving 30 mg in 1 mL of HBSS or PBS. Filter sterilize through a 0.22 µm filter and store in 139 
aliquots at -20 °C. Prepare a 1x type IV collagenase stock solution 1 mg/mL in HBSS, filter sterilize 140 
through a 0.22 µm filter, and store aliquots at -20 °C. 141 
 142 
2. Labeling of S phase by IdU incorporation  143 
 144 
2.1 Weigh mice. Use P1-P3 neonatal pups or 8-10 weeks old adult mice and use male or female 145 
mice from a C57BL/6, FvB, or 129 backgrounds. Determine a dose at 0.1 mg IdU (pH 7.5)/g body 146 
weight. For example, a 25 g mouse requires 0.25 mL of IdU.  147 
 148 
2.2. Administer the dose of IdU by an intraperitoneal injection and wait for 2 h before harvesting 149 
cells. Use a tuberculin syringe to inject neonatal pups. 150 
 151 
NOTE: A dose of 2 mg/mL of IdU can be used with tissue culture cells with a 1 h incubation at 37 152 
°C before harvesting for labeling for mass cytometry.  153 
 154 
3. Isolation of cells for labeling 155 
 156 
3.1 Thaw dispase and collagenase stock solutions. Dilute the 20x dispase stock solution to 1x (1.5 157 
mg/mL) in sterile HBSS or PBS. Keep on ice until ready to use.  158 
 159 
3.2 Combine 2 volumes of dispase with 1 volume of collagenase in a total volume that allows the 160 
skin to float freely. For example, digestion of 5 neonatal mouse skins can be floated on 8 mL of 161 
1x dispase with 4 mL of collagenase in a 100 mm Petri dish. 162 
 163 
3.3 Follow approved methods to euthanize experimental mice (e.g., isoflurane overdose/toe 164 
pinch check or CO2 inhalation/cervical dislocation). Clean the adult ear skin with an iodine 165 
solution (see Table of Materials) and rinse with sterile water when isolated cells are to be used 166 
for tissue culture.  167 
 168 
3.4. Surgically remove the ear at the base (Figure 1A). Rinse ears in sterile PBS when isolated cells 169 
is to be used for tissue culture. Place on a dry 100 mm Petri dish.  170 
 171 
3.5 Separate carefully anterior from posterior skin by initially creating a pocket in the middle or 172 
edge of the cut area using fine forceps and pulling the two skin flaps apart (Figure 1B-D). Proceed 173 
with both the anterior and posterior skins.   174 
 175 
NOTE: Detailed instructions to dissect neonatal mouse skin are provided by Litchi et al.16 In 176 
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addition, the use of a dissecting scope may assist in the separation of anterior from posterior skin 177 
and identification of epidermis/dermal sides of dissected skin: hair is visible on the epidermis side 178 
whereas the dermis will have a gelatinous appearance. 179 
 180 
3.6 Carefully place the anterior and posterior skins of the ear with the dermis side of the skin 181 
touching the dispase/collagenase solution (Figure 1E). Use 1 mL for both the anterior and 182 
posterior skin of a single ear per well of a 12 well culture plate. Incubate at 37 °C for 1 h. 183 
Alternatively, float skins on 1x dispase solution at 4 °C for 16-18 h.3 184 
 185 
NOTE: Work in a tissue culture hood with sterile technique when cells are to be cultured.  186 
 187 
3.7 Place the digested skin with the epidermis side touching the surface of a clean Petri dish. 188 
Flatten out the skin and gently slide the dermis off the epidermis by working from center to the 189 
edges in a circular pattern.  190 
 191 
3.8 Discard the dermis or digest it further to liberate fibroblasts for tissue culture or analysis16.  192 
 193 
NOTE: The dermis will be darker in appearance and have a gelatinous and sticky composition. 194 
The dermis should easily come off. Failure or difficulty in removing the dermis suggests 195 
insufficient tissue digestion. However, extended incubation in digestion buffer will reduce cell 196 
viability. The epidermis will remain on the Petri dish and will have a bleached appearance. 197 
 198 
3.9 Gently lift off the epidermis by grabbing at the edges and peel it off the surface of the Petri 199 
dish. Carefully place the epidermis on pre-warmed cell detachment solution (see Table of 200 
Materials) for 5 min at 37 °C or 20 min at RT. Use 500 µL of cell detachment solution for 2 adult 201 
ear epidermises per well of a 12 well culture plate and use 750 µL of cell detachment solution for 202 
a single neonatal epidermis per well of a 6 well culture plate.  203 
 204 
3.10. Grasp the epidermis using sterile forceps and scrub by dragging the epidermis against the 205 
bottom of the dish to dissociate cells. Add 1 mL of DMEM containing 1% FBS (0.01 mL) and pass 206 

through a 40 m cell sieve into a collection tube. Rinse well with an additional 2 mL of DMEM 207 
and add to the cell suspension.  208 
 209 
3.11 Centrifuge at 120 x g for 5 min. Aspirate the supernatant carefully.  210 
 211 
3.12 Resuspend cell pellet in 1-2 mL of DMEM containing 1% FBS. Determine the cell and % live 212 
cell counts using Trypan Blue and a hemocytometer or automated counting device. Pellet cells as 213 
described in step 3.11.  214 
 215 
NOTE: Cells can be cultured in appropriate tissue culture media after Step 3.12.17   216 
 217 
4. Cisplatin labeling to determine live/dead cells 218 
 219 
4.1 Resuspend 1-3 x 106 cells per 1 mL of DMEM containing 25 µM cisplatin (2.5 µL of stock/mL). 220 
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Incubate for 1 min and quench by pipetting with an equal volume of FBS (e.g., 1 mL).  221 
 222 
4.2 Centrifuge at 120 x g for 5 min. Decant supernatant into a beaker containing diluted bleach 223 
and invert tubes to drain remaining solution onto a paper towel. Tap gently to liberate solution 224 
remaining on pellet and sidewall of the tube.  225 
 226 
4.3 Resuspend cell pellet in 2 mL of Ba+2-free PBS. Pellet cells as described in Step 4.2. 227 
 228 
NOTE: It is recommended to fix cells if they cannot be stained immediately. 229 
 230 
5. Fixation of cisplatin labeled cells (optional)  231 
 232 
5.1 Resuspend 1-3 x 106 cisplatin labeled cells in 1 mL of Ba+2-free PBS. Vortex cells under 233 
continuous low power and add dropwise 1 mL (1 volume) of the 2x PFA fixation buffer. Incubate 234 
at RT for 10 min on a rocking platform.  235 
 236 
5.2 Pellet cells as described in step 4.2, but centrifuge at 500 x g for 5 min.  237 
 238 
5.3 Wash cells with 2 mL of Ba+2-free PBS and pellet cells as described in Step 5.2. Repeat Step 239 
5.3 once. 240 
 241 

5.4 Resuspend the pellet in 2 mL of Ba+2-free PBS. Store at 4 °C for <3 d. Add FBS to 3% (e.g., 0.3 242 

mL of FBS/mL of cells) of the total volume if storing longer >3 d, then mix and freeze at -80 °C.  243 
 244 
NOTE: Fixation may affect the detection of certain epitopes. The effects of fixation need to be 245 
determined empirically by testing the antibody signal after staining live versus fixed cells.  246 
  247 
6. Barcoding of samples (optional but recommended)  248 
 249 
6.1 Pellet cells as described in Step 5.2 and then resuspend 1-3 x 106 cells in 1 mL of 1x Fixation 250 
buffer (see Table of Materials). Incubate at RT for 10 min. Pellet cells as described in Step 5.2. 251 
 252 
6.2 Wash cells with 1 mL of Barcode permeabilization buffer (see Table of Materials). Pellet cells 253 
as described in Step 5.2. Repeat Step 6.2 once.  254 
 255 
6.3 Add 100 µL of Barcode permeabilization buffer to barcodes (see Table of Materials)18 and 256 
mix immediately while the cells from Step 6.2 are pelleting.  257 
 258 
6.4 Resuspend the cell pellet in 800 µL of Barcode permeabilization buffer. Add barcode solution 259 
to cells, mix and incubate at RT for 30 min. Wash cells in 2 mL of Cell staining buffer (see Table 260 
of Materials) and pellet cells as described in Step 5.2. 261 
 262 
NOTE: Up to 20 samples can be labeled with various combinations of Palladium metals18. Other 263 
barcoding strategies are described elsewhere15.  264 
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 265 
7. Labeling of cells for mass cytometry 266 
 267 
7.1 Resuspend 1-3 x 106 cells in 1 mL of Nuclear Antigen Staining buffer working solution (see 268 
Table of Materials). Combine samples into a single tube for subsequent steps when using 269 
barcoded samples. Incubate at RT for 30 min. Pellet as described in Step 5.2. 270 
 271 
7.2 Resuspend 1-3 x 106 cells in 2 mL of Nuclear Antigen Staining permeabilization buffer (see 272 
Table of Materials). Scale as necessary. For example, use 6 mL of buffer for 10 combined 273 
samples with a cell count of 9 x 106 cells. Pellet as described in Step 5.2.  274 
 275 
7.3 Repeat Step 7.2, but gently vortex the cell pellet in the residual volume left in the tube.  276 
 277 
7.4 Add 50 µL of intracellular antibody cocktail per 1-3 x 106 cells. Scale as necessary. For 278 

example, use 150 L of the antibody cocktail for 10 combined samples with a cell count of 9 x 279 
106 cells. Mix and incubate at RT for 45 min. Pellet cells as described in Step 5.2.  280 
 281 
7.5 Resuspend 1-3 x 106 cells pellet in 2 mL of Cell Staining buffer. Pellet cells as described in 282 
Step 5.2. Repeat Step 7.5 once. 283 
  284 
NOTE: Other buffer solutions can be used for staining extracellular membrane or cytoplasmic 285 
markers and experimenter may have to optimize staining if there is a need to detect epitopes in 286 
different cellular locations. Cells can also be fixed in PFA after Step 7.5 when using live cells for 287 
staining. 288 
 289 
7.6 Resuspend 1-3 x 106 cells in 1 mL of intercalation solution and store for 1-3 d at 4 ˚C.  290 
 291 
7.6.1 Store cells at -80 °C in DMSO containing the solution for >3 d. Pellet cells as described in 292 
Step 5.2 if cells are in intercalation solution. Resuspend pellet (1-3 x 106 cells) in 1 mL of Cell 293 
staining buffer and pellet cells as described in Step 5.2. Resuspend pellet in 1 mL of 10% 294 
DMSO/90% FBS19, transfer to a cryovial, place in an isopropanol-freezing container, and store at 295 
-80 °C.  296 
 297 
7.7 Pellet cells as described in Step 5.2. Wash 1-3 x 106 cells with 2 mL of Cell Staining buffer, 298 
pelleting as described in Step 5.2. Perform two additional washes with 2 mL water, pelleting as 299 
described in Step 5.2.  300 
 301 
7.8 Dilute EQ calibration beads 1:9 in water (stock solution at 3.3 x 105 beads/mL).  302 
 303 
7.9 Resuspend the cell pellet at a concentration of 1 x 106 cells/mL with diluted EQ bead solution. 304 
Filter cells through 35 µm strainer cap flow tubes. 305 
 306 
7.10 Run samples on the mass cytometer and acquire data. The data will be deposited in a Flow 307 
Cytometry Standard (FCS) file format. 308 
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 309 
8. Processing and analysis of mass cytometry data files  310 
 311 
8.1 Normalize FCS files. Use a free program available at https://github.com/nolanlab/bead-312 
normalization/releases/latest20.  313 
 314 
8.2 Deconvolute barcoded FCS files. Separate out the pooled barcode population into separate 315 
barcoded files with a free program available at https://github.com/nolanlab/single-cell-316 
debarcoder/releases/latest18.  317 
 318 
8.3 Analyze normalized FCS files. Use commercial21,22 or freeware programs (see 319 
web.stanford.edu/group/nolan/resources.html). 320 
 321 
REPRESENTATIVE RESULTS: 322 
Table 1 shows the expected cell yields and viability from adult mouse ear (Figure 1) and neonatal 323 
skin under non-pathological conditions. The table also shows representative data of animals from 324 
a mixed C57/126 background. It is expected that the skin of other strains would result in similar 325 
cell yields and viabilities. The approximate yield is dependent on the surface area of skin and 326 
indicates that neonatal skin would be a better choice for experiments that require larger numbers 327 
of cells (Table 1). Low yields or reduced viability (<50%) would indicate issues with digestion or 328 
experimental conditions that reduce skin integrity or induce cell death. Culturing cells with 329 
appropriate media and supplements can help assess the quality of KC preparations17.  330 
 331 
Following normalization20 and deconvulation18 of FCS files, gating of data will define epidermal 332 
cell populations of interest and demark individual cell cycle phases (Figure 2). In bivariate plots 333 
comparing the 191Ir vs 193Ir channels, intact cells can be gated in the upper right quadrant (Figure 334 
2A). Plotting event length vs 191Ir and selecting for a tight cluster of cells near the 191Ir axis 335 
demarks single cells. Viable cells are selected in a plot of 195Pt vs 193Ir plot by gating for cells with 336 
low 195Pt levels. The sample shown in Figure 2A has debris and increased presence of cisplatin 337 
labeled non-viable cells. This may indicate that the sample was over-digested, harshly handled, 338 
or left on ice or RT for too long before staining for mass cytometry. Profiles from tissue-cultured 339 
cells typically give higher percentages of 195Pt negative cells (Figure 2B). Alternatively, the 340 
presence of 195Pt positive cells may be expected if the induction cell death is a feature of the 341 
experimental model and/or conditions. 342 
  343 
Ideally, markers that define the population of interest should be included in the analysis of 344 
specific cell types. For example, immune cells that are expected to be present in crude KC 345 
suspensions can be detected by the addition of a CD4523 antibody, which detects hematopoietic 346 
cells (Figure 2C). With regards to the proliferation antibody panel13, plotting IdU vs Cyclin B1 347 
resolves cell cycle phases (Figure 2C) similar to standard BrdU/PI flow plot (Figure 2D), allowing 348 
for the detection of S-phase, G0/G1 and G2/M cell populations. In IdU vs pHH3 plots, high pHH3 349 
positivity identifies M phase cells. Lastly, gating G0/G1 cells on high pRB signal can distinguish G0 350 
(quiescent) from cells in G1 (Figure 2C, leftmost panel). 351 
 352 

https://github.com/nolanlab/bead-normalization/releases/latest
https://github.com/nolanlab/bead-normalization/releases/latest
https://github.com/nolanlab/single-cell-debarcoder/releases/latest
https://github.com/nolanlab/single-cell-debarcoder/releases/latest
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Having identified the different cell cycle phases, it is then possible to construct a graphical 353 
representation of cell cycle profiles for different cell types or experimental conditions. For 354 
example, distinct cell cycle profiles emerge when comparing CD45- vs CD45+ cell populations 355 
(Figure 3A) in the KC suspension shown in Figure 2. As expected hyperplastic KCs found in the 356 
CD45- group had fewer cells in G0 and more cells in S, G2, and M phases3. In contrast, immune 357 
cells from the same sample had notable populations in G0 and G1. In addition to cell cycle 358 
profiles, the characterization of gene expression in a cell cycle-dependent manner is also 359 
possible. For example, phospho proteins that help define EGFR and mTOR/PI3K signaling were 360 
analyzed in the data presented for Figure 3A. Analysis of the G1 phases of CD45- vs CD45+ cells 361 
revealed a similar profile for EGFR and mTOR/PI3K signaling proteins, although there appeared 362 
to be slight differences in the percentage of pS6 and pEGFR positive cells (Figure 3B). Similar 363 
approaches can be adapted to characterize the expression of other signaling pathway proteins 364 
or cellular processes at different phases of the cell cycle.  365 
 366 
FIGURE AND TABLE LEGENDS:  367 
 368 
Figure 1: Preparation of mouse ear skin for digestion. (A) First, remove the ear from the animal 369 
and lay flat on a clean Petri dish. (B) Grasp one side of the ear at either the middle or edge using 370 
curved precision forceps. (C) Flip over and using another pair of forceps and gently pull the halves 371 
of the ear apart until the ear tears on the crease. (D) Continue pulling until the sides separate 372 
into two halves. (E) Float the ear halves on dissociation media with the dermis side touching the 373 
solution. Scale bar = 2 mm. 374 
 375 
Figure 2: Gating strategy for mass cytometry data. The data in this figure was generated from 376 
an experimental animal treated with the phorbol ester TPA as previously described3. TPA is a PKC 377 
activator that induces skin inflammation24. (A) The panels show the initial gating strategy after 378 
normalization and deconvolution of barcoded data. By gating on event length, 191Ir,193Ir, and 195Pt 379 
channels, it possible to select for intact, single, and viable cells. (B) Human SCC SRB-P93 cells 380 
treated with DMSO and were then stained for mass cytometry. Data was gated as in (A) and the 381 
plot shows the levels of live cells in this sample. (C) The inclusion of lineage markers allows for 382 
the selection of cell populations of interest. For this example, viable cells from (A) were gated on 383 
even length vs. CD45 to exclude hematopoietic cells. Gating CD45- cells for incorporation of IdU 384 
vs Cyclin B1 allows the identification of S, G0/G1, and G2/M cell populations. Selection of pHH3 385 
high cells defines M phase, whereas the analysis of G0/G1 for pRB positivity identifies cells in G1. 386 
(D) The plot shows the representative results of cell cycle analysis by the detection of BrdU 387 
incorporation and PI (DNA content) with fluorescence-based flow cytometry. The data shown is 388 
from human Colo163 SCC cells grown with BrdU for 1 h as previously described3.  389 
 390 
Figure 3: Characterization of cell cycle profiles and phase-specific protein expression. (A) The 391 
cell cycle profiles were determined in the sample from Figure 2 for CD45- vs CD45+ cells. (B) 392 
Analysis of the G1 phases with phosphor-specific antibodies in CD45-(orange) and CD45+(Blue) 393 
cells revealed similar expression profiles for markers of the EGFR and mTOR/PI3K signaling 394 
pathways. 395 
 396 
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Table 1: Typical Cell yields and viability from adult mouse ear and neonatal skin. Cell counts 397 
and viability by Trypan blue exclusion were averaged from ear KCs harvested from n=7 8-10 week 398 
old adult mouse ears or n=7 P3 neonatal skins. 399 
 400 
DISCUSSION:  401 
The protocol outlined in this paper can be completed in about 8 h. The end result is a suspension 402 
of cells enriched in KCs that can be analyzed for protein expression in a cell cycle-dependent 403 
manner. Several previous studies have outlined methods to isolate KCs from human and mouse 404 
skin16,25. These studies also include protocols for the isolation of KCs for flow cytometry26. 405 
However, a detailed protocol has not been previously described that combines the isolation of 406 
KCs with the analysis of protein expression and cell cycle dynamics using mass cytometry.  407 
 408 
The greatest hurdle to obtaining high-quality results in this protocol is the quality of live cells 409 
used. In the literature, the suggested conditions and enzymes for epidermis/dermis separation 410 
vary greatly16,25-27. However, it is thus recommended to keep the time of digestion of skin to the 411 
shortest possible duration that allows effective separation of the epidermis from the dermis. This 412 
protocol presents digestion with dispase and type IV collagenase that allows facile separation of 413 
both ear and mouse neonatal skin within 1 h. This results in sufficient cell yields with high cell 414 
viability. Another factor that can affect the quality of cells is the location of the skin selected for 415 
digestion. It is assumed that KCs behave similarly from different anatomical locations in the body. 416 
However, the skin at different sites may have different properties and stem cell composition28,29. 417 
Nevertheless, the use of neonatal and ear skin3,30 is preferred because the isolation of KCs is more 418 
difficult from areas of skin with a high density of hair follicles (e.g., back skin). A higher degree of 419 
manipulation or tissue dissociation may be required for efficient isolation of KCs from hairy areas 420 
of the mouse26. The experimental conditions prior to isolation of KCs may also affect the quality 421 
of isolated cells. Skin lesions or conditions that affect skin barrier or skin integrity may reduce the 422 
separation of epidermis from the dermis. This could result in reduced yields of viable cells or 423 
increased contamination of non-KC cells (e.g., immune cells). Lastly, isolated KCs are susceptible 424 
to clumping. They can also lose cell viability if left too long on ice or at RT before processing for 425 
mass cytometry or other single cell analyses. 426 
 427 
The staining methodology for mass cytometry is similar to that used for fluorescence flow 428 
cytometry but with key differences. For example, the detection of DNA replication is 429 
accomplished by direct detection of IdU instead of by the use of antibodies against nucleotide 430 
analogs like BrdU. Direct detection of IdU greatly simplifies the identification of S-phase cells, as 431 
antibody detection of BrdU can be an involved procedure. Another difference is the use of 432 
cisplatin for the discrimination of dead and live cells. Cisplatin preferentially labels dead cells. 433 
This step is similar to the use of PI or other stains for dead/live FACS experiments. The cisplatin 434 
staining step is important because dead cells may bind antibodies and thereby generate false 435 
positive signals. Mass cytometry also uses antibodies to detect the expression of phase-specific 436 
marker in place of measuring DNA content. This allows for facile discrimination of individual cell 437 
cycle phases. Lastly, the mass cytometry data (FCS) files need to be normalized using the spike in 438 
calibration beads due to sample signal deterioration over time in the CyTOF instrument during 439 
the same run and between runs. 440 
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 441 
Staining, data acquisition, and analysis for mass cytometry has been well reviewed by recent 442 
publications14,15. The application of this technology to the analysis of hematopoietic and immune 443 
cells is well documented. This is evident by a large collection of commercially available metal-444 
tagged antibodies and the predominance of immune-related publications using this technology. 445 
The immediate application of mass cytometry in the skin would be for the analysis of immune 446 
cells. This is particularly relevant for mouse skin disease models in diseases like cancer where 447 
inflammation has an important role. For non-immune cell analysis, the lack of commercially 448 
available metal-tagged antibodies can be a hindrance. The advantage of commercial reagents is 449 
that they can be used without considerable optimization as would be the case for in house metal-450 
tagged antibodies. However, there are metal-tagged antibodies against commonly used 451 
fluorescent tags (e.g., FITC, PE, and APC) that would allow an experimenter to add additional 452 
markers to their staining panel. This workaround can also be applied to the analysis of skin cells 453 
in different species where there may be a limited number of commercial metal-tagged antibodies 454 
that show reactivity across species. Nevertheless, this workaround also requires an additional 455 
staining step after the cisplatin staining and some optimization. An additional consideration for 456 
building a successful panel are discussed in the literature14. Another disadvantage of mass 457 
cytometry is that data collection efficiency of mass cytometers can be 40-60% of the input cell 458 
number. As such, the analysis of rare cell populations (e.g., stem cells) from bulk samples may 459 
require a larger number of cells, pooling of samples for effective detection, or other approaches 460 
to enrich the cell population of interest prior to staining for mass cytometry24.  461 
 462 
Mass cytometry is a powerful emerging technology whose use will continue to grow. Currently, 463 
the application of this technology is focused on the use of metal-tagged antibodies, but it was 464 
recently extended for the detection of mRNA31. Moreover, there is the potential of labeling other 465 
cellular components or metabolites with metal tags, which would expand the range of application 466 
for mass cytometry in the skin and other tissues from mice, human, and other species. In 467 
summary, this protocol may then extend the experimental tools available for skin biologists to 468 
correlate KC protein expression in the various cell cycle phases. 469 
 470 
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Table I

Tissue Area Cell yield Viability

Mouse ear 225-230 mm3 1-2x106 70-90%

Neonatal skin 1000-1100 mm3 5-10x106 80-99%
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Name of Material/ 

Equipment
Company Catalog Number Comments/Description

12-well plate Cell Treat 229512

Intercalator solution Fluidigm 201192A 125 µM - Ir intercalator solution

Paraformaldehyde
Electron Microscopy 

Sciences
30525-89-4 16 %  PFA

Strainer cap flow tubes Fisher/Corning 352235 35 µm pore size 

Cell sieve Fisher 22363547 40 μm pore size 

Cell detatchment solution CELLnTEC CnT-ACCUTASE-100 Accutase

Iodine Solution ThermoFisher/Purdue 67618-151-17 Betadine 7.5%-iodine surgical scrub

Barcode permeabilization 

buffer 
Fluidigm 201060 Cell-ID 20-Plex Pd Barcoding Kit

Barcodes Fluidigm 201060 Cell-ID 20-Plex Pd Barcoding Kit

pH strips EMD 9590 colorpHast

DMEM Hyclone SH30022.01 Dulbecco’s Modified Eagle Media

Fine forceps Dumont & Fils 0109-5-PO Dumostar #5

Curved precision forceps Dumont & Fils 0109-7-PO Dumostar #7

Calibration Beads Fluidigm 201078
EQ Four Element Calibration 

Beads

HBSS Gibco 14175-095 Hank's Balanced Salt Solution

Water Fisher SH30538.03
Hyclone Molecular Biology grade 

water
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Iododeoxyuridine  Sigma I7125 IdU

Cryo vials ThermoFisher 366656PK internal thread

Cell Staining buffer Fluidigm 201068 Maxpar Cell Staining buffer

Fix & Perm buffer Fluidigm 201067 Maxpar Fix & Perm buffer

Fix I buffer Fluidigm 201065 Maxpar Fix I buffer

Phosphate buffered saline Rockland MB-008 Metal free 10x PBS

isopropanol-freezing 

container
ThermoFisher 5100-0001 Mr.Frosty

Sodium hydroxide Fisher BP359-500 NaOH

Petri dish Kord-Valmark 2900 Supplied by Genesee 32-107 

15 mL conical Olympus/Genesee 28-101

50 mL conical Olympus/Genesee 28-106

6-well plate Cell Treat 229506

Cisplatin Sigma 479306

Dispase II Sigma/Roche 4942078001

DMSO Sigma D2650

FBS Atlanta Biologicals S11150

Hydrochloric acid Fisher A144-212

Nuclear Antigen Staining  

permeabilization buffer
Fluidigm 201063

Nuclear Antigen Staining 

buffer
Fluidigm 201063

Trypan blue Sigma T8154

Tuberculin syringe BD 309626



Type IV Collagenase 
Worthington 

Bioscience
CLSS-4



Betadine 7.5%-iodine surgical scrub
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January 14, 2019 
 
 
 
Dear JoVE Editors, 
 
This letter accompanies the revised manuscript (59353_R1) entitled “Isolation and 
staining of mouse skin keratinocytes for cell cycle specific analysis of cellular protein 
expression by Mass cytometry” 
  
We would like to thank the JoVE editorial staff for their constructive comments and 
have revised our manuscript accordingly. We have also made changes to improve 
the readability of the text. We have tracked changes to visualize our edits for your 
review. Last, please find our responses to the individual comments below 
highlighted in red. 
 
We hope that our revised manuscript will be found suitable for publication.  
 
Sincerely, 
 
Enrique Torchia, Ph.D. 
Assistant Professor of Dermatology 
Charles C. Gates Chair of Regenerative Medicine 
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MS 8320, 12800 E 19th Ave, Rm P18-8123, 80045 
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Editorial comments: 
 

Page 2: Commented [A1] Author 1/7/2019 11:38:00 AM 
Please ensure that the steps are written in the order of it being performed. To do this 
please use imperative tense as if directing someone how to perform your experiment 
with all specific details. Please remove the redundancy and be as crisp as you can. 
 
We have edited the protocol to make the text easier to follow and remove any apparent 
redundancies.   
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All steps needs to be action steps. Since this is not an action, it is converted to a note. 
Please 
check. 
 
We agree.  
 
Page 2: Commented [A3] Author 1/7/2019 11:41:00 AM 
The term ultrapure is commercial. Hence changed to pure. 
 
We have removed the word altogether. Any commercial product of high quality will be 
pure. 
 
Page 3: Commented [A4] Author 1/7/2019 11:36:00 AM 
Strain and gender? 
 
We have added the strain and gender.  However, we expect the protocol to work with 
any strain of mice.  
 
 
Page 3: Commented [A5] Author 1/7/2019 11:42:00 AM 
Please move this part to the right place since here as of now you have just injected the 
animal. 
 
We converted the reference to tissue culture cells and IdU as a “NOTE”.  The focus of the 
protocol is the labeling of cells from a mouse models, but it can be easily adapted to 
cultured cells very easily as shown in the figures.  
 
 
Page 3: Commented [A6] Author 1/7/2019 11:44:00 AM 
After euthanization, how do you clean the skin? 
 
The skin does not need to be cleaned after euthanization when the endpoint of 
experiment is analysis by mass cytometry. However, when the isolated cells will be 
used for tissue culture or in combination with mass cytometric analysis, then we do 
recommend cleaning the skin. We use a topical application of Betadine solution and 
sterile washes to clean the skin prior to digestion.  Isolation is then performed in a 
laminar flow biological cabinet and with the use of sterile technique. We have added 
lines in the protocol that describes this variation.  We also added the Betadine solution 
to the Table of Materials. 
 
 
Page 3: Commented [A7] Author 1/7/2019 11:45:00 AM 
Do you have PBS or HBSS here in the petridish? 
 
We do not.  
 
 
Page 3: Commented [A8] Author 1/7/2019 11:45:00 AM 



Step 3.2, shows about separation of anterior and posterior skin. Please include a step to 
show 
how you obtained the skin dermis from the anterior/posterior skin layer. Which part is 
used for 
the isolation of dermis layer‐ anterior or posterior? This is important to bring out the 
continuity. 
 
We use both the anterior and posterior portions of the ear.  The ear is very thin, with 
only a thin layer of cartridge separating the top from the bottom skin.  Treatment of one 
side of the skin leads to diffusion of the agents to bottom skin.  Both skins are floated 
together and epidermises pooled from one ear.  We have added text to the protocol that 
we hope makes this point clear.  
 
 
Page 3: Commented [A9] Author 1/7/2019 11:48:00 AM 
Volume? 
 
We have added the volume information. 
 
Page 3: Commented [A10] Author 1/7/2019 11:48:00 AM 
Needs clarity on terms: skin layer, epidermis, dermis. 
How do you visually identify the dermis and epilayer layer? 
 
We added text to clarify these issues.  
 
Page 4: Commented [A11] Author 1/7/2019 11:50:00 AM 
This is not a step. Converted to a note instead. Also notes cannot be filmed hence 
highlights are 
removed. If this needs filming, please convert into action step written in imperative 
tense. 
 
We converted to a NOTE as suggested. 
 
Page 4: Commented [A12] Author 1/7/2019 11:51:00 AM 
Lift off from where? Needs clarity. 
 
When the skin is first digested to degrade the basement membrane, the skin has to be 
floated with the dermis touching the Dispase/Collagenase solution. After this digestion, 
the epidermis needs to be touching the petri dish in order to remove the dermis.  After 
removing the dermis, the epidermis remains attached to the petri dish.  So, it is 
necessary to peel off the epidermis to digest the basal layer of the epidermis, which 
would be now exposed.  We have thus amended to the text to make this point clearer.  
 
Page 4: Commented [A13] Author 1/7/2019 11:51:00 AM 
Cluster or culture? Please check. 
 
“Cluster” in another name for a multiwell plate. We have change the name to culture 
plate instead (e.g., a 12 well culture plate) to avoid confusion.  



 
 
Page 4: Commented [A14] Author 1/7/2019 11:52:00 AM 
Scrub how, with what? 
 
Scrubbing is done with a pair of forceps, pressing the epidermis against the bottom of 
the well.  
 
Page 4: Commented [A15] Author 1/7/2019 11:53:00 AM 
We cannot have paragraph of text in the protocol section. Also, each numbered step 
should be 
made up of only 2‐3 actions per step. Split the step instead. Please check. 
 
We agree. 
 
Page 4: Commented [A16] Author 1/7/2019 11:54:00 AM 
Should this be 4.3 instead? 
 
Yes, we are sorry for the mistake. 
 
Page 4: Commented [A17] Author 1/7/2019 11:55:00 AM 
Is this and 4.1.1 same? If yes please remove the 4.1.1 to bring out clarity and reduce 
redundancy. 
 
We have reworded to avoid redundancy.  
 
Page 4: Commented [A18] Author 1/7/2019 12:00:00 PM 
Made a different step. Please check. 
 
We agree. 
 
Page 5: Commented [A19] Author 1/7/2019 12:01:00 PM 
How many times is the wash performed. 
 
Page 5: Commented [A20] Author 1/7/2019 12:03:00 PM 
Is it ok to add this here since it brings out clarity? 
 
Page 5: Commented [A21] Author 1/7/2019 12:12:00 PM 
Wash how, do you perform centrifugation in this case? 
 
Page 5: Commented [A22] Author 1/7/2019 12:13:00 PM 
Please provide details about centrifugation. If same conditions are used please provide 
the step 
number. 
 
Page 6: Commented [A23] Author 1/7/2019 12:13:00 PM 
Please provide details about centrifugation. If same conditions are used please provide 
the step 



number. 
 
 
Answer to points A19-A23: Centrifugation is performed in either of two conditions. 
Live cells are centrifuged at 120 x g for 5 min, fixed cells at 500 x g for 5min. We have 
reworded the text such that the centrifugation is first described and then referenced 
later in the protocol. For example live cell centrifugation is described in Step 4.2. We 
then refer back to this step for subsequent centrifugation steps. Similarly, we describe 
the conditions for fixed cells in Step 5.2 and refer back to this step for later 
centrifugation steps. We hope this changes makes the protocol easier to follow. 
 
Page 6: Commented [A24] Author 1/7/2019 12:06:00 PM 
We cannot have paragraph of texts in the protocol section. Please make this section into 
numbered step and describe how to do the procedure in imperative tense being as 
specific as you can. 
 
We have separated the step as requested. 
 
Page 6: Commented [A25] Author 1/7/2019 12:07:00 PM 
FCS? Where is the FCS file created? Please bring out this clarity. 
 
FCS stands for “ Flow Cytometry Starndard”.  This is the format of the data that comes 
off the mass cytometer. We have included the definition in the text. 
 
Page 6: Commented [A26] Author 1/7/2019 12:08:00 PM 
We cannot have paragraph of texts in the protocol section. Please make this section into 
numbered step and describe how to do the procedure in imperative tense being as 
specific as 
you can. 
 
We have separated the step as requested. 
 
Page 6: Commented [A27] Author 1/7/2019 11:56:00 AM 
We cannot have commercial language in the manuscript. Please consider moving the 
website link to the reference section and use in text citation here in the protocol 
instead. 
 
We have moved the URL addresses to reference section as suggested. 
 
Page 7: Commented [A28] Author 1/7/2019 12:15:00 PM 
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].” 
 
 
We respectfully point out that the figures we present have never been published nor 
modified from a previous publication. The figures were made de novo from raw files that 
have not been used to generate a figure in any of our previous publications.  
 
 
 
 


