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21 SUMMARY:
22 This protocol describes how to isolate skin keratinocytes from mouse models, to stain with metal-
23 tagged antibodies, and to analyze stained cells by mass cytometry in order to profile the
24 expression pattern of proteins of interest in the different cell cycle phases.
25
26  ABSTRACT:
27  The goal of this protocol is to detect and quantify protein expression changes in a cell cycle-
28 dependent manner using single cells isolated from the epidermis of mouse skin. There are seven
29 important steps: separation of the epidermis from the dermis, digestion of the epidermis,
30 staining of the epidermal cell populations with cisplatin, sample barcoding, staining with metal
31 tagged antibodies for cell cycle markers and proteins of interest, detection of metal-tagged
32  antibodies by mass cytometry, and the analysis of expression in the various cell cycle phases. The
33  advantage of this approach over histological methods is the potential to assay the expression
34  pattern of >40 different markers in a single cell at different phases of the cell cycle. This approach
35 also allows for the multivariate correlation analysis of protein expression that is more
36 quantifiable than histological/imaging methods. The disadvantage of this protocol is that a
37  suspension of single cells is needed, which results in the loss of location information provided by
38 thestaining of tissue sections. This approach may also require the inclusion of additional markers
39 toidentify different cell types in crude cell suspensions. The application of this protocol is evident
40 in the analysis of hyperplastic skin disease models like cancer. Moreover, this protocol can be
41  adapted for the analysis of specific sub-type of cells (e.g., stem cells) by the addition of lineage-
42  specific antibodies. This protocol can also be adapted for the analysis of skin cells in other
43  experimental species.
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INTRODUCTION:

Correlation of the gene expression with cell cycle stages remains a challenge in the analysis of
animal models of hyperplastic diseases like cancer. Part of this challenge is the co-detection of
proteins of interest (POI) with markers of proliferation. Proliferative cells can be found in various
cell cycle phases including G1, S, G2, and M. Ki67 is one of most commonly used markers of
proliferation and is expressed in all phases of the cell cycle. It has been extensively used in the
analysis of both human and mouse tissues'3. However, like other general proliferation markers,
Ki67 does not discern individual cell cycle phases. A more specific approach uses the
incorporation of thymidine nucleotide analogs like bromo deoxy uridine (BrdU) into cells that are
actively replicating their genome (i.e., S-phase)*°. One drawback to the use of nucleotide analogs
is the need to administer them to live animals hours before analysis. Ki67 and BrdU are commonly
detected on fixed tissue sections by the use of antibodies. One advantage of this approach is that
the location of POls can be ascertained within the tissue architecture (e.g., the basal layer of skin
epidermis). This approach also does not require tissue dissociation that may lead to changes in
gene expression. One disadvantage is that the tissue fixation or the processing of the tissue for
OCT frozen or paraffin sectioning may occlude antibody targets (i.e., antigens). Retrieval of
antigens typically requires heat or tissue digestion. Quantification of staining intensities can also
be challenging. This is due to variations in staining, section thickness, signal detection, and
experimenter bias. Moreover, a limited number of makers can be detected simultaneously in
most typical laboratory setups. Yet, newer multiplex staining approaches promise to overcome
these limitations; examples are imaging mass cytometry and Tyramide signal amplification®”.

Flow cytometry is another powerful technology to detect proliferating cells. It allows for
multiplex detection of markers in the same cells but requires tissue dissociation for most non-
hematopoietic cell types. Analysis of proliferating cells is routinely done by the use of dyes that
bind DNA (e.g., Propidium lodide (PI))®. Flow cytometry also permitsa more precise
determination of cell cycle phases when coupled with the detection of BrdU incorporation®.
Although a powerful approach, BrdU/PI flow cytometry does have its disadvantages. It is unable
to resolve the G2/M and GO/G1 phases without the inclusion of phase-specific antibodies.
However, the number of antibodies that can be used is limited by cellular autofluorescence,
spectral spillover of fluorophore emissions, and the use of compensation controls. This
limitation makes it more challenging and laborious to co-detect the expression of cell cycle
markers with POls. A more facile approach is to use mass cytometry'®!l This technology
uses metal conjugated antibodies that have a narrower detection spectrum. Once cells are
stained with metal-tagged antibodies, they are vaporized, and the metals detected by cytometry
time-of-flight (CyTOF) mass spectrometry. Due to these properties, mass cytometry enables the
multiplex detection of >40 different markers using existing platforms®1l, In addition, it is
possible to barcode samples with metals that result in the savings of precious antibodies while
reducing sample-to-sample staining variability. On the other hand, mass cytometry does have
several disadvantages. There are a limited number of commercially available metal-tagged
antibodies for non-blood derived cells. Quantification of DNA content is less sensitive compared
to the use of fluorescent DNA dyes and mass cytometry has a reduced dynamic range of signal
detection compared to fluorescence flow cytometry.
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The protocol described here was designed to analyze cell cycle dynamics from newly isolated
keratinocytes (KCs) from mouse skin and characterize cell cycle specific protein expression in
these cells using mass cytometry. This protocol can also be used with cultured cells or adapted
to other cell types.

PROTOCOL:

The University of Colorado Anschutz Medical Campus’ Institutional Animal Care and Use
Committee approved the animal experiments described in this protocol.

1. Preparations

1.1 Design a metal-tagged antibody panel. Use the free online panel design software!? and
include '?”lododeoxyUridine (IdU), %Dy (Dysprosium) labeled anti-CCNB1 (CYCLIN B1), "°Lu
(Lutetium) phosphor (p)-HistoneH3%8 (pHH3), and °Nd (Neodymium)-pRetinoblastoma
proteiner807/811 (pRB)13, Add additional metal-tagged antibodies that do not overlap in their
channel signal**.

1.2 Prepare an IdU stock solution. Dissolve IdU powder at 10 mg/mL in 0.1 N NaOH at 60 °C.
Aliquot IdU stock solution into microcentrifuge tubes and freeze at -20 °C for long-term storage.

1.2.1 Adjust the pH of I1dU solution to 7.5 with 12 N HCl immediately before use. Test with a pH
strip on a discard aliquot to ensure the solution is at pH 7.5.

NOTE: Prolonged time (>5 min) of IdU at pH 7.5 will result in precipitation and a fresh aliquot of
IdU is needed when this happens.

1.2.2 Use appropriate personal protective equipment (e.g., gloves, lab coat, and safety glasses)
and work in a safety cabinet when handling NaOH or HCl solutions.

1.3 Prepare a 2x paraformaldehyde (PFA) fixing solution. Combine 5 mL of 10x PBS (pH 7.5) and
1 mL of 16% PFA with 44 mL of pure molecular grade dH,0 (3.2% final concentration).

NOTE: A stock of PFA can be prepared as previously published!> or purchase 16% stocks free of
contaminating metals.

1.3.1 Use appropriate personal protective equipment and work in the safety cabinet when
handling PFA powder and solutions.

1.4 Prepare barium (Ba?*) free 1x PBS by combining 5 mL of metal-free 10x PBS (pH 7.5) with 45
mL of pure molecular grade dH,0.

NOTE: The quality of PBS and other reagents is very important to avoid contaminating metals
that can introduce background noise during analysis of mass cytometric data.
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1.5 Prepare a 100 mM cisplatin stock solution. Dissolve 300.5 mg of cisplatin powder in 10 mL of
DMSO. Store in aliquots at -80 °C. Prepare a 10 mM cisplatin working solution for experiments to
be used over 1 d.

1.6 Prepare epidermis/dermis separation solutions. Prepare a 20x dispase stock solution by
dissolving 30 mg in 1 mL of HBSS or PBS. Filter sterilize through a 0.22 um filter and store in
aliquots at -20 °C. Prepare a 1x type IV collagenase stock solution 1 mg/mL in HBSS, filter sterilize
through a 0.22 um filter, and store aliquots at -20 °C.

2. Labeling of S phase by IdU incorporation

2.1 Weigh mice. Use P1-P3 neonatal pups or 8-10 weeks old adult mice and use male or female
mice from a C57BL/6, FvB, or 129 backgrounds. Determine a dose at 0.1 mg IdU (pH 7.5)/g body
weight. For example, a 25 g mouse requires 0.25 mL of IdU.

2.2. Administer the dose of IdU by an intraperitoneal injection and wait for 2 h before harvesting
cells. Use a tuberculin syringe to inject neonatal pups.

NOTE: A dose of 2 mg/mL of IdU can be used with tissue culture cells with a 1 h incubation at 37
°C before harvesting for labeling for mass cytometry.

3. Isolation of cells for labeling

3.1 Thaw dispase and collagenase stock solutions. Dilute the 20x dispase stock solution to 1x (1.5
mg/mL) in sterile HBSS or PBS. Keep on ice until ready to use.

3.2 Combine 2 volumes of dispase with 1 volume of collagenase in a total volume that allows the
skin to float freely. For example, digestion of 5 neonatal mouse skins can be floated on 8 mL of
1x dispase with 4 mL of collagenase in a 100 mm Petri dish.

3.3 Follow approved methods to euthanize experimental mice (e.g., isoflurane overdose/toe
pinch check or CO; inhalation/cervical dislocation). Clean the adult ear skin with an iodine
solution (see Table of Materials) and rinse with sterile water when isolated cells are to be used
for tissue culture.

3.4. Surgically remove the ear at the base (Figure 1A). Rinse ears in sterile PBS when isolated cells
is to be used for tissue culture. Place on a dry 100 mm Petri dish.

3.5 Separate carefully anterior from posterior skin by initially creating a pocket in the middle or
edge of the cut area using fine forceps and pulling the two skin flaps apart (Figure 1B-D). Proceed

with both the anterior and posterior skins.

NOTE: Detailed instructions to dissect neonatal mouse skin are provided by Litchi et al.l® In
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addition, the use of a dissecting scope may assist in the separation of anterior from posterior skin
and identification of epidermis/dermal sides of dissected skin: hair is visible on the epidermis side
whereas the dermis will have a gelatinous appearance.

3.6 Carefully place the anterior and posterior skins of the ear with the dermis side of the skin
touching the dispase/collagenase solution (Figure 1E). Use 1 mL for both the anterior and
posterior skin of a single ear per well of a 12 well culture plate. Incubate at 37 °C for 1 h.
Alternatively, float skins on 1x dispase solution at 4 °C for 16-18 h.3

NOTE: Work in a tissue culture hood with sterile technique when cells are to be cultured.

3.7 Place the digested skin with the epidermis side touching the surface of a clean Petri dish.
Flatten out the skin and gently slide the dermis off the epidermis by working from center to the
edges in a circular pattern.

3.8 Discard the dermis or digest it further to liberate fibroblasts for tissue culture or analysis?®.

NOTE: The dermis will be darker in appearance and have a gelatinous and sticky composition.
The dermis should easily come off. Failure or difficulty in removing the dermis suggests
insufficient tissue digestion. However, extended incubation in digestion buffer will reduce cell
viability. The epidermis will remain on the Petri dish and will have a bleached appearance.

3.9 Gently lift off the epidermis by grabbing at the edges and peel it off the surface of the Petri
dish. Carefully place the epidermis on pre-warmed cell detachment solution (see Table of
Materials) for 5 min at 37 °C or 20 min at RT. Use 500 pL of cell detachment solution for 2 adult
ear epidermises per well of a 12 well culture plate and use 750 uL of cell detachment solution for
a single neonatal epidermis per well of a 6 well culture plate.

3.10. Grasp the epidermis using sterile forceps and scrub by dragging the epidermis against the
bottom of the dish to dissociate cells. Add 1 mL of DMEM containing 1% FBS (0.01 mL) and pass
through a 40 um cell sieve into a collection tube. Rinse well with an additional 2 mL of DMEM
and add to the cell suspension.

3.11 Centrifuge at 120 x g for 5 min. Aspirate the supernatant carefully.

3.12 Resuspend cell pellet in 1-2 mL of DMEM containing 1% FBS. Determine the cell and % live
cell counts using Trypan Blue and a hemocytometer or automated counting device. Pellet cells as
described in step 3.11.

NOTE: Cells can be cultured in appropriate tissue culture media after Step 3.12.%7

4. Cisplatin labeling to determine live/dead cells

4.1 Resuspend 1-3 x 108 cells per 1 mL of DMEM containing 25 uM cisplatin (2.5 pL of stock/mL).
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Incubate for 1 min and quench by pipetting with an equal volume of FBS (e.g., 1 mL).

4.2 Centrifuge at 120 x g for 5 min. Decant supernatant into a beaker containing diluted bleach
and invert tubes to drain remaining solution onto a paper towel. Tap gently to liberate solution
remaining on pellet and sidewall of the tube.

4.3 Resuspend cell pellet in 2 mL of Ba*>-free PBS. Pellet cells as described in Step 4.2.

NOTE: It is recommended to fix cells if they cannot be stained immediately.

5. Fixation of cisplatin labeled cells (optional)

5.1 Resuspend 1-3 x 106 cisplatin labeled cells in 1 mL of Ba*?>-free PBS. Vortex cells under
continuous low power and add dropwise 1 mL (1 volume) of the 2x PFA fixation buffer. Incubate
at RT for 10 min on a rocking platform.

5.2 Pellet cells as described in step 4.2, but centrifuge at 500 x g for 5 min.

5.3 Wash cells with 2 mL of Ba*?-free PBS and pellet cells as described in Step 5.2. Repeat Step
5.3 once.

5.4 Resuspend the pellet in 2 mL of Ba*-free PBS. Store at 4 °C for <3 d. Add FBS to 3% (e.g., 0.3
mL of FBS/mL of cells) of the total volume if storing longer >3 d, then mix and freeze at -80 °C.

NOTE: Fixation may affect the detection of certain epitopes. The effects of fixation need to be
determined empirically by testing the antibody signal after staining live versus fixed cells.

6. Barcoding of samples (optional but recommended)

6.1 Pellet cells as described in Step 5.2 and then resuspend 1-3 x 10° cells in 1 mL of 1x Fixation
buffer (see Table of Materials). Incubate at RT for 10 min. Pellet cells as described in Step 5.2.

6.2 Wash cells with 1 mL of Barcode permeabilization buffer (see Table of Materials). Pellet cells
as described in Step 5.2. Repeat Step 6.2 once.

6.3 Add 100 pL of Barcode permeabilization buffer to barcodes (see Table of Materials)*® and
mix immediately while the cells from Step 6.2 are pelleting.

6.4 Resuspend the cell pellet in 800 pL of Barcode permeabilization buffer. Add barcode solution
to cells, mix and incubate at RT for 30 min. Wash cells in 2 mL of Cell staining buffer (see Table
of Materials) and pellet cells as described in Step 5.2.

NOTE: Up to 20 samples can be labeled with various combinations of Palladium metals'8. Other
barcoding strategies are described elsewhere®®.
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7. Labeling of cells for mass cytometry

7.1 Resuspend 1-3 x 10° cells in 1 mL of Nuclear Antigen Staining buffer working solution (see
Table of Materials). Combine samples into a single tube for subsequent steps when using
barcoded samples. Incubate at RT for 30 min. Pellet as described in Step 5.2.

7.2 Resuspend 1-3 x 10° cells in 2 mL of Nuclear Antigen Staining permeabilization buffer (see
Table of Materials). Scale as necessary. For example, use 6 mL of buffer for 10 combined
samples with a cell count of 9 x 10° cells. Pellet as described in Step 5.2.

7.3 Repeat Step 7.2, but gently vortex the cell pellet in the residual volume left in the tube.

7.4 Add 50 pL of intracellular antibody cocktail per 1-3 x 10° cells. Scale as necessary. For
example, use 150 pL of the antibody cocktail for 10 combined samples with a cell count of 9 x
10° cells. Mix and incubate at RT for 45 min. Pellet cells as described in Step 5.2.

7.5 Resuspend 1-3 x 108 cells pellet in 2 mL of Cell Staining buffer. Pellet cells as described in
Step 5.2. Repeat Step 7.5 once.

NOTE: Other buffer solutions can be used for staining extracellular membrane or cytoplasmic
markers and experimenter may have to optimize staining if there is a need to detect epitopes in
different cellular locations. Cells can also be fixed in PFA after Step 7.5 when using live cells for
staining.

7.6 Resuspend 1-3 x 108 cells in 1 mL of intercalation solution and store for 1-3 d at 4 °C.

7.6.1 Store cells at -80 °C in DMSO containing the solution for >3 d. Pellet cells as described in
Step 5.2 if cells are in intercalation solution. Resuspend pellet (1-3 x 10° cells) in 1 mL of Cell
staining buffer and pellet cells as described in Step 5.2. Resuspend pellet in 1 mL of 10%
DMSO/90% FBS'?, transfer to a cryovial, place in an isopropanol-freezing container, and store at
-80 °C.

7.7 Pellet cells as described in Step 5.2. Wash 1-3 x 10° cells with 2 mL of Cell Staining buffer,
pelleting as described in Step 5.2. Perform two additional washes with 2 mL water, pelleting as
described in Step 5.2.

7.8 Dilute EQ calibration beads 1:9 in water (stock solution at 3.3 x 10° beads/mL).

7.9 Resuspend the cell pellet at a concentration of 1 x 10° cells/mL with diluted EQ bead solution.
Filter cells through 35 um strainer cap flow tubes.

7.10 Run samples on the mass cytometer and acquire data. The data will be deposited in a Flow
Cytometry Standard (FCS) file format.
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8. Processing and analysis of mass cytometry data files

8.1 Normalize FCS files. Use a free program available at https://github.com/nolanlab/bead-
normalization/releases/latest?°.

8.2 Deconvolute barcoded FCS files. Separate out the pooled barcode population into separate
barcoded files with a free program available at https://github.com/nolanlab/single-cell-
debarcoder/releases/latest!.

8.3 Analyze normalized FCS files. Use commercial?»?> or freeware programs (see
web.stanford.edu/group/nolan/resources.html).

REPRESENTATIVE RESULTS:

Table 1 shows the expected cell yields and viability from adult mouse ear (Figure 1) and neonatal
skin under non-pathological conditions. The table also shows representative data of animals from
a mixed C57/126 background. It is expected that the skin of other strains would result in similar
cell yields and viabilities. The approximate yield is dependent on the surface area of skin and
indicates that neonatal skin would be a better choice for experiments that require larger numbers
of cells (Table 1). Low yields or reduced viability (<50%) would indicate issues with digestion or
experimental conditions that reduce skin integrity or induce cell death. Culturing cells with
appropriate media and supplements can help assess the quality of KC preparations?’.

Following normalization?® and deconvulation!® of FCS files, gating of data will define epidermal
cell populations of interest and demark individual cell cycle phases (Figure 2). In bivariate plots
comparing the *1Ir vs 193|r channels, intact cells can be gated in the upper right quadrant (Figure
2A). Plotting event length vs °'Ir and selecting for a tight cluster of cells near the 'Ir axis
demarks single cells. Viable cells are selected in a plot of 1Pt vs *3Ir plot by gating for cells with
low °>Pt levels. The sample shown in Figure 2A has debris and increased presence of cisplatin
labeled non-viable cells. This may indicate that the sample was over-digested, harshly handled,
or left on ice or RT for too long before staining for mass cytometry. Profiles from tissue-cultured
cells typically give higher percentages of '°°Pt negative cells (Figure 2B). Alternatively, the
presence of 1°°Pt positive cells may be expected if the induction cell death is a feature of the
experimental model and/or conditions.

Ideally, markers that define the population of interest should be included in the analysis of
specific cell types. For example, immune cells that are expected to be present in crude KC
suspensions can be detected by the addition of a CD4523 antibody, which detects hematopoietic
cells (Figure 2C). With regards to the proliferation antibody panel®3, plotting IdU vs Cyclin B1
resolves cell cycle phases (Figure 2C) similar to standard BrdU/PI flow plot (Figure 2D), allowing
for the detection of S-phase, GO/G1 and G2/M cell populations. In IdU vs pHH3 plots, high pHH3
positivity identifies M phase cells. Lastly, gating GO/G1 cells on high pRB signal can distinguish GO
(quiescent) from cells in G1 (Figure 2C, leftmost panel).
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Having identified the different cell cycle phases, it is then possible to construct a graphical
representation of cell cycle profiles for different cell types or experimental conditions. For
example, distinct cell cycle profiles emerge when comparing CD45- vs CD45+ cell populations
(Figure 3A) in the KC suspension shown in Figure 2. As expected hyperplastic KCs found in the
CD45- group had fewer cells in GO and more cells in S, G2, and M phases?. In contrast, immune
cells from the same sample had notable populations in GO and G1. In addition to cell cycle
profiles, the characterization of gene expression in a cell cycle-dependent manner is also
possible. For example, phospho proteins that help define EGFR and mTOR/PI3K signaling were
analyzed in the data presented for Figure 3A. Analysis of the G1 phases of CD45- vs CD45+ cells
revealed a similar profile for EGFR and mTOR/PI3K signaling proteins, although there appeared
to be slight differences in the percentage of pS6 and pEGFR positive cells (Figure 3B). Similar
approaches can be adapted to characterize the expression of other signaling pathway proteins
or cellular processes at different phases of the cell cycle.

FIGURE AND TABLE LEGENDS:

Figure 1: Preparation of mouse ear skin for digestion. (A) First, remove the ear from the animal
and lay flat on a clean Petri dish. (B) Grasp one side of the ear at either the middle or edge using
curved precision forceps. (C) Flip over and using another pair of forceps and gently pull the halves
of the ear apart until the ear tears on the crease. (D) Continue pulling until the sides separate
into two halves. (E) Float the ear halves on dissociation media with the dermis side touching the
solution. Scale bar =2 mm.

Figure 2: Gating strategy for mass cytometry data. The data in this figure was generated from
an experimental animal treated with the phorbol ester TPA as previously described3. TPA is a PKC
activator that induces skin inflammation?*. (A) The panels show the initial gating strategy after
normalization and deconvolution of barcoded data. By gating on event length, XIr,*3Ir, and °>Pt
channels, it possible to select for intact, single, and viable cells. (B) Human SCC SRB-P93 cells
treated with DMSO and were then stained for mass cytometry. Data was gated as in (A) and the
plot shows the levels of live cells in this sample. (C) The inclusion of lineage markers allows for
the selection of cell populations of interest. For this example, viable cells from (A) were gated on
even length vs. CD45 to exclude hematopoietic cells. Gating CD45- cells for incorporation of IdU
vs Cyclin B1 allows the identification of S, GO/G1, and G2/M cell populations. Selection of pHH3
high cells defines M phase, whereas the analysis of GO/G1 for pRB positivity identifies cells in G1.
(D) The plot shows the representative results of cell cycle analysis by the detection of BrdU
incorporation and Pl (DNA content) with fluorescence-based flow cytometry. The data shown is
from human Colo163 SCC cells grown with BrdU for 1 h as previously described3.

Figure 3: Characterization of cell cycle profiles and phase-specific protein expression. (A) The
cell cycle profiles were determined in the sample from Figure 2 for CD45- vs CD45+ cells. (B)
Analysis of the G1 phases with phosphor-specific antibodies in CD45-(orange) and CD45+(Blue)
cells revealed similar expression profiles for markers of the EGFR and mTOR/PI3K signaling
pathways.
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Table 1: Typical Cell yields and viability from adult mouse ear and neonatal skin. Cell counts
and viability by Trypan blue exclusion were averaged from ear KCs harvested from n=7 8-10 week
old adult mouse ears or n=7 P3 neonatal skins.

DISCUSSION:

The protocol outlined in this paper can be completed in about 8 h. The end result is a suspension
of cells enriched in KCs that can be analyzed for protein expression in a cell cycle-dependent
manner. Several previous studies have outlined methods to isolate KCs from human and mouse
skin'®25. These studies also include protocols for the isolation of KCs for flow cytometry?®.
However, a detailed protocol has not been previously described that combines the isolation of
KCs with the analysis of protein expression and cell cycle dynamics using mass cytometry.

The greatest hurdle to obtaining high-quality results in this protocol is the quality of live cells
used. In the literature, the suggested conditions and enzymes for epidermis/dermis separation
vary greatly'®2>2_ However, it is thus recommended to keep the time of digestion of skin to the
shortest possible duration that allows effective separation of the epidermis from the dermis. This
protocol presents digestion with dispase and type IV collagenase that allows facile separation of
both ear and mouse neonatal skin within 1 h. This results in sufficient cell yields with high cell
viability. Another factor that can affect the quality of cells is the location of the skin selected for
digestion. It is assumed that KCs behave similarly from different anatomical locations in the body.
However, the skin at different sites may have different properties and stem cell composition?®%°,
Nevertheless, the use of neonatal and ear skin®3° is preferred because the isolation of KCs is more
difficult from areas of skin with a high density of hair follicles (e.g., back skin). A higher degree of
manipulation or tissue dissociation may be required for efficient isolation of KCs from hairy areas
of the mouse?®. The experimental conditions prior to isolation of KCs may also affect the quality
of isolated cells. Skin lesions or conditions that affect skin barrier or skin integrity may reduce the
separation of epidermis from the dermis. This could result in reduced yields of viable cells or
increased contamination of non-KC cells (e.g., immune cells). Lastly, isolated KCs are susceptible
to clumping. They can also lose cell viability if left too long on ice or at RT before processing for
mass cytometry or other single cell analyses.

The staining methodology for mass cytometry is similar to that used for fluorescence flow
cytometry but with key differences. For example, the detection of DNA replication is
accomplished by direct detection of IdU instead of by the use of antibodies against nucleotide
analogs like BrdU. Direct detection of IdU greatly simplifies the identification of S-phase cells, as
antibody detection of BrdU can be an involved procedure. Another difference is the use of
cisplatin for the discrimination of dead and live cells. Cisplatin preferentially labels dead cells.
This step is similar to the use of Pl or other stains for dead/live FACS experiments. The cisplatin
staining step is important because dead cells may bind antibodies and thereby generate false
positive signals. Mass cytometry also uses antibodies to detect the expression of phase-specific
marker in place of measuring DNA content. This allows for facile discrimination of individual cell
cycle phases. Lastly, the mass cytometry data (FCS) files need to be normalized using the spike in
calibration beads due to sample signal deterioration over time in the CyTOF instrument during
the same run and between runs.
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Staining, data acquisition, and analysis for mass cytometry has been well reviewed by recent
publications'**>. The application of this technology to the analysis of hematopoietic and immune
cells is well documented. This is evident by a large collection of commercially available metal-
tagged antibodies and the predominance of immune-related publications using this technology.
The immediate application of mass cytometry in the skin would be for the analysis of immune
cells. This is particularly relevant for mouse skin disease models in diseases like cancer where
inflammation has an important role. For non-immune cell analysis, the lack of commercially
available metal-tagged antibodies can be a hindrance. The advantage of commercial reagents is
that they can be used without considerable optimization as would be the case for in house metal-
tagged antibodies. However, there are metal-tagged antibodies against commonly used
fluorescent tags (e.g., FITC, PE, and APC) that would allow an experimenter to add additional
markers to their staining panel. This workaround can also be applied to the analysis of skin cells
in different species where there may be a limited number of commercial metal-tagged antibodies
that show reactivity across species. Nevertheless, this workaround also requires an additional
staining step after the cisplatin staining and some optimization. An additional consideration for
building a successful panel are discussed in the literature'®. Another disadvantage of mass
cytometry is that data collection efficiency of mass cytometers can be 40-60% of the input cell
number. As such, the analysis of rare cell populations (e.g., stem cells) from bulk samples may
require a larger number of cells, pooling of samples for effective detection, or other approaches
to enrich the cell population of interest prior to staining for mass cytometry?4.

Mass cytometry is a powerful emerging technology whose use will continue to grow. Currently,
the application of this technology is focused on the use of metal-tagged antibodies, but it was
recently extended for the detection of mRNA3!, Moreover, there is the potential of labeling other
cellular components or metabolites with metal tags, which would expand the range of application
for mass cytometry in the skin and other tissues from mice, human, and other species. In
summary, this protocol may then extend the experimental tools available for skin biologists to
correlate KC protein expression in the various cell cycle phases.
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the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,

. or otherwise transferred to any other party. The Author

represents and warrants that the author(s} listed at the top of
this Agreement are the only authors of the Materials, If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Authar. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not vialate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JOVE may,
in its sole discretion, elect not take any action with respect to
the Article umtil such tme as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JOVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered accass to the facilities of the Author or of the
Author's institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, If any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author's institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by loVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors. Al sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author's

ARTICLE AND VIDEO LICENSE AGREEMENT

expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omisstons of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment Is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US51,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13, Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the henefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR:

Name: [ Enrique C Torchia F

Department: I Dermatology l

Institution: i. xlﬂ.lhivé.r.sity of Colorado B |

Article Title: I Cell cycle specific analysis of cellular protein expression in mouse skin keratinocytes using Mass Cytometry |
,( - gL i' 11-1:2018

Signature: 1 / Date: |

Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Faxthe document to +1.866.381.2236;

3} Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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January 14, 2019 P: 3037248794

E Mail:
Enrique.Torchia@ucdenver.edu

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
University of Colorado Anschutz Medical Campus
MS 8320, 12800 E 19" Ave, Rm P18-8123, 80045
Tel 303-724-8794

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.

Page 2: Commented [A2] Author 1/7/2019 11:40:00 AM

*
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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, itis
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
[s 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
[s 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.



