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Dear Editor, 

 

Please find enclosed our manuscript entitled “A Combinatorial Single-Cell Approach to 

Characterize the Molecular and Immunophenotypic Heterogeneity of Human Stem and 

Progenitor Populations” that we would like to be considered for publication in Journal of 

Visualized Experiments. This paper highlights a protocol for delineating molecular and 

immunophenotypic heterogeneity within cell populations by combining molecular analysis with 

single-cell qPCR and immunophenotypic analysis using FACS index sorting. We consider of 

value publishing these data in Journal of Visualized Experiments, as they provide a complete 

protocol for reliable single-cell molecular analysis from sorting to final analysis. The techniques 

presented in this paper and demonstrated in video format will be highly useful for researchers 

working in the field of hematopoiesis and leukemia.  

 

Mikael Sommarin and Göran Karlsson designed the procedures described in the manuscript. 

Mikael Sommarin and Rebecca Warfvinge performed the experiments and analyzed the data. 

Finally, Mikael Sommarin, Rebecca Warfvinge, Fatemeh Safi and Göran Karlsson wrote the 

manuscript.  

 

During the preparation and submission of this manuscript, we have been kindly assisted by  

Rachel Service, Ph.D. 

 

Thank you for your consideration of this manuscript. We look forward to hearing from you.  

 

Sincerely yours, 

 

Göran Karlsson 
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SUMMARY: 21 
Bulk gene expression measurements cloud individual cell differences in heterogeneous cell 22 
populations. Here, we describe a protocol for how single-cell gene expression analysis and index 23 
sorting by Florescence Activated Cell Sorting (FACS) can be combined to delineate heterogeneity 24 
and immunophenotypically characterize molecularly distinct cell populations. 25 
 26 
ABSTRACT: 27 
Immunophenotypic characterization and molecular analysis have long been used to delineate 28 
heterogeneity and define distinct cell populations. FACS is inherently a single-cell assay, however 29 
prior to molecular analysis, the target cells are often prospectively isolated in bulk, thereby losing 30 
single-cell resolution. Single-cell gene expression analysis provides a means to understand 31 
molecular differences between individual cells in heterogeneous cell populations. In bulk cell 32 
analysis an overrepresentation of a distinct cell type results in biases and occlusions of signals 33 
from rare cells with biological importance. By utilizing FACS index sorting coupled to single-cell 34 
gene expression analysis, populations can be investigated without the loss of single-cell 35 
resolution while cells with intermediate cell surface marker expression are also captured, 36 
enabling evaluation of the relevance of continuous surface marker expression. Here, we describe 37 
an approach that combines single-cell reverse transcription quantitative PCR (RT-qPCR) and FACS 38 
index sorting to simultaneously characterize the molecular and immunophenotypic 39 
heterogeneity within cell populations.  40 
 41 
In contrast to single-cell RNA sequencing methods, the use of qPCR with specific target 42 
amplification allows for robust measurements of low-abundance transcripts with fewer 43 
dropouts, while it is not confounded by issues related to cell-to-cell variations in read depth. 44 
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Moreover, by directly index-sorting single-cells into lysis buffer this method, allows for cDNA 45 
synthesis and specific target pre-amplification to be performed in one step as well as for 46 
correlation of subsequently derived molecular signatures with cell surface marker expression. 47 
The described approach has been developed to investigate hematopoietic single-cells, but have 48 
also been used successfully on other cell types.  49 
 50 
In conclusion, the approach described herein allows for sensitive measurement of mRNA 51 
expression for a panel of pre-selected genes with the possibility to develop protocols for 52 
subsequent prospective isolation of molecularly distinct subpopulations. 53 
 54 
INTRODUCTION:  55 
Each individual blood cell is believed to reside in a cellular hierarchy, where stem cells form the 56 
apex on top of a series of increasingly committed intermediate progenitors that eventually 57 
terminally differentiate into the final effector cells carrying specific biological functions1. Much 58 
of the knowledge about how stem cell systems are organized has been generated in the 59 
hematopoietic system, largely because of the ability to prospectively isolate distinct 60 
hematopoietic populations highly enriched for stem cells or various progenitors2 by FACS sorting. 61 
This has allowed for many of these populations to be analyzed functionally or molecularly, 62 
predominantly through gene expression profiling3,4. However when analyzing gene expression of 63 
bulk populations individual differences between cells are averaged out and lost5. Thus, incapacity 64 
to detect cell-to-cell variations within heterogeneous cell fractions may confound our 65 
understanding of critical biological processes if small subsets of cells account for the inferred 66 
biological function of that population6,7. Conversely, investigation of gene expression signatures 67 
at single-cell resolution offer a possibility to delineate heterogeneity and circumvent 68 
overshadowing influences from overrepresented subsets of cells8. 69 
 70 
To date many protocols for single-cell gene expression analysis have been developed; with each 71 
approach having its own caveats. The earliest method was RNA Fluorescent in situ hybridization 72 
(RNA-FISH), which measures a limited number of transcripts at a time but is unique in that it 73 
allows for investigation of RNA localization9,11. Early methods using PCR and qPCR to detect a 74 
single or very few transcripts were also developed12. However, these have lately been replaced 75 
by microfluidics-based methods which can simultaneously analyze the expression of hundreds of 76 
transcripts per cell in hundreds of cells through qPCR and thus allow for high-dimensional 77 
heterogeneity analysis using pre-determined gene panels10,13. Recently RNA sequencing-based 78 
technologies have become widely used for single cell analysis, as these theoretically can measure 79 
the entire transcriptome of a cell and thereby add an exploratory dimension to heterogeneity 80 
analysis10,14. Multiplexed qPCR analysis and single-cell RNA sequencing have different features, 81 
thus the rationale for using either of the methods depends on the question asked as well as the 82 
number of cells in the target population. The high-throughput and low cost per cell together with 83 
unbiased, exploratory characteristics of single-cell RNA sequencing are desirable when unknown 84 
cell or large populations are investigated. However, single-cell RNA sequencing is also biased 85 
towards sequencing high abundant transcripts more frequently while transcripts with low 86 
abundance are prone to dropouts. This can lead to considerably complex data that puts high-87 
demands on bioinformatic analysis to reveal important molecular signals that are often subtle or 88 



   

hidden in technical noise15. Thus, for well-characterized tissues, single-cell qPCR analysis using 89 
pre-determined primer panels selected for functionally important genes or molecular markers 90 
can serve as a sensitive, straightforward approach to determine the heterogeneity of a 91 
population. However, it should be noted that compared to single-cell RNA-seq, the cost per cell 92 
is generally higher for single-cell qPCR methods. Here, we describe an approach that combines 93 
single-cell RT-qPCR (modified from Teles J. et al.16), to FACS index sorting17 and bioinformatics 94 
analysis18 in order to simultaneously characterize the molecular and immunophenotypic 95 
heterogeneity within populations.  96 
 97 
In this approach, the cell population of interest is stained, and single-cells are sorted by FACS 98 
directly into lysis buffer in 96-well PCR plates. Simultaneously, the expression levels of an 99 
additional set of cell-surface markers are recorded for each single cell during FACS-sorting, a 100 
method that is referred to as index-sorting. The lysed cell material is subsequently amplified and 101 
the gene expression of a selected set of genes analyzed with RT-qPCR, using a microfluidic 102 
platform. This strategy enables molecular analysis of the sorted single-cell as well as 103 
simultaneous characterization of each individual cell’s cell-surface marker expression. By directly 104 
mapping molecularly distinct subsets of cells to the expression of the indexed sorted markers, 105 
the subpopulations can be linked to a specific immunophenotype that can be used for their 106 
prospective isolation. The method is outlined step by step in Figure 1. A pre-determined gene 107 
panel further contributes to a higher resolution of the targeted gene expression, since it 108 
circumvents measurement of irrelevant abundant genes that can otherwise occlude subtle gene 109 
expression signals. Moreover, the specific target amplification, one step reverse transcription, 110 
and amplification allows for robust measurement of low expressed transcripts, like transcription 111 
factors or non-poly-adenylated RNAs. Importantly, qPCR methods allow for measurement of 112 
mRNA from fusion proteins, which are important when investigating certain malignant 113 
diseases19. Finally, the focused number of genes investigated, low drop-out rates, and limited 114 
technical differences between cells make this method easily analyzed compared to higher 115 
dimensional methods, such as single-cell RNA-seq. By following the protocol, an entire 116 
experiment can be performed, from sorting cells to analyzed results, within three days, making 117 
this an uncomplicated and quick method for sensitive, high-throughput single-cell gene 118 
expression analysis.  119 
 120 
PROTOCOL: 121 
 122 
1. Preparation of Lysis Plates.  123 

 124 
1.1. Using a RNA/DNA free bench, prepare enough lysis buffer for 96 wells, with 10% extra, by 125 
mixing 390 µL nuclease free water, 17 µL of 10% NP-40, 2.8 µL 10 mM dNTP, 10 µL 0.1 M DTT and 126 
5.3 µL RNAse inhibitor (see Table of Materials). Vortex and spin down. 127 

 128 
1.2. Distribute 4 µL of lysis buffer to each well of a 96 well PCR plate and seal the plates with 129 
adhesive film. Spin down plates to collect liquid at the bottom of the plates. Keep plates on ice 130 
until cell sorting (maximum 24 hours). 131 

 132 



   

2. Preparation of Cells for Cell Sorting.  133 
 134 
2.1. Thaw appropriate number of cells (here, CD34 enriched hematopoietic stem and progenitor 135 
cells) for the experiment. 1 x 106 cells are appropriate for sorting approximately three 96-well 136 
plates of single-cells with controls. 137 
 138 
2.2. Transfer thawed cells to a 15 mL conical tube and add 1 mL FBS every 30 seconds until a total 139 
volume of 8 mL is reached. Spin cells in a centrifuge at 350 x g for 10 min at 4 °C and remove 140 
supernatant. 141 
 142 
2.3. Resuspend cells in 8 mL staining buffer (PBS with 2% FBS) and centrifuge at 350 x g for 10 143 
min at 4 °C and remove supernatant. 144 
 145 
2.4. Resuspend cells in 200 µL staining buffer and remove cells for control stains.  146 
 147 
2.5. Make Fluorescence minus one controls (FMOs) for each fluorophore, by staining a fraction 148 
of cells in 50 µL staining buffer. In this example, 6 microcentrifuge tubes with 20,000 cells are 149 
used as FMOSs. Note that the number of cells should be adjusted depending on the population 150 
investigated. Add all antibodies at the same concentration as in the sample stain except for one 151 
to each tube. 152 
 153 
2.6. Make single stains for each fluorophore by staining a fraction of cells in 50 µL buffer for each 154 
fluorophore used. In this example 6 microcentrifuge tubes with 20,000 cells are used. Note that 155 
the target for each antibody needs to be expressed by the cells used for controls. Add each 156 
antibody at the same concentration as in the sample stain in individual tubes. Additionally keep 157 
20,000 unstained cells in 50 µL as an unstained control.  158 
 159 
2.7. To the cell sample, add antibodies at their appropriate concentration. Used here are CD34-160 
FITC at a 1/100 concentration, CD38-APC 1/50, CD90-PE 1/10, CD45RA-bv421 1/50, CD49F-PECy7 161 
1/50 and Lineage Mix: CD3-PECy5 1/50, CD2-PECy5 1/50, CD19-PECy5 1/50, CD56-PECy5 1/50, 162 
CD123-PECy5 1/50, CD14-PECy5 1/50, CD16-PECy5 1/50, and CD235a-PECy5 1/1000. 163 
 164 
2.8. Incubate cells with antibodies for 30 min on ice in the dark.  165 
 166 
2.9. Wash cells with 3 mL staining buffer. Centrifuge cells at 350 x g for 10 min at 4 °C and remove 167 
supernatant. 168 
 169 
2.10. Resuspend cells and repeat step 2.9. 170 
 171 
2.11. Resuspend sample in 500 µL and FMOs in 100 µL staining buffer with 1/100 7AAD and filter 172 
cells through a 50 µm filter to get a single-cell suspension.  173 

 174 
3. Cell Sorting 175 
 176 



   

3.1. Make sure that the FACS machine is set up correctly with drop delay and cytometer setup 177 
and tracking (CST) that have recently been performed according to manufacturer’s instructions, 178 
to ensure that the appropriate cells are sorted. For hematopoietic cells, the use of the 85 micron 179 
nozzle and maximum speed of 4 is recommended, while the optimal event rate is between 800 180 
and 2000 events/s. 181 
 182 
3.2. Correct for spectral overlap by performing fluorescence compensation and set gates 183 
according to FMO controls or internal negative controls. 184 
 185 
3.3. Perform reanalysis of the target population by sorting at least 100 target cells into a new 186 
microcentrifuge tube with 100 µL of stain buffer. FACS analyze the sorted cells by recording the 187 
sorted sample and make sure that they end up in the sort gate. 188 
 189 
3.4. Set-up single cell plate sorting by centering the drop in well A1 in a 96 well plate. When it is 190 
centered, sort 50-100 6-µm particles into all wells around the edge of an empty 96 well plate to 191 
ensure that all wells will get a cell in the center of each well. 192 
 193 
3.5. If possible, an additional control to ensure that viable cells are sorted can be added by sorting 194 
single-cells for in vitro growth. Haematopoietic cells can be grown in U-bottom 96 well plates in 195 
100 µl SFEM with 1% penicillin streptomycin, 100 ng/mL FLT3L, TPO and SCF. Analyze each well 196 
after 3 days in culture for cell colonies using a microscope. 197 
 198 
3.6. Remove adhesive film from plates. Sort a single cell of interest (here Lin-CD34+CD38- cells) 199 
into 92 out of the 96 wells, activate INDEX-sorting in the FACS sorting software to save the 200 
immunophenotypic profile for other markers of interest (here CD45RA, CD49f, and CD90) for 201 
each single cell.  202 
 203 
3.7. Sort two wells with 10 and 20 cells respectively for linearity controls in the PCR amplification. 204 
Wells H1 and H2 are usually used. 205 
 206 
3.8. Keep two wells without any cells as no-template controls, usually wells H3 and H4.  207 
 208 
3.9. Seal the plates with clear adhesive film and spin the plates at 300 x g for 1 min before snap 209 
freezing on dry ice.  210 
 211 
3.10. Store frozen plates at -80 °C. 212 

 213 
Note: Safe stopping point. Sorted and lysed cells can be kept at -80 °C for long-term storage. 214 
 215 
4. Reverse Transcription and Specific Target Amplification  216 
 217 
4.1. Prepare the primer mix for all 96 gene targets by adding 2 µL of each primer pair, including 218 
housekeeping gene primers and primers for spiked-in control RNA, in a 1.5 mL RNAse free tube 219 
on a RNA/DNA free bench. If using less than 96 primers, add an equivalent volume of nuclease 220 



   

free water for the missing primers. Primers are ordered separately to match the desired gene 221 
panel. 222 
 223 
4.2. Make reverse transcription and specific target amplification mix by adding 632.5 µL 2x 224 
reaction mix, 101.2 µL Taq/SuperscriptIII, 151.8 µL Primer mix, and 0.7 µL spiked in control RNA. 225 
Preform this step on a DNA free bench. Mix by vortexing and spin down to collect the liquid in 226 
the bottom of the tube. Keep on ice until addition to the sample.  227 
 228 
4.3. Make no-reverse transcription control mix for four wells by mixing 27.5 µL of 2x reaction mix, 229 
1.76 µL of Taq enzyme, 6.6 µL of primer mix and 2.64 µL of nuclease free water. Spike in control 230 
RNA. Perform this step on a DNA free bench. Vortex and spin down to collect the liquid in the 231 
bottom of the tube and keep on ice until addition to sample. 232 
 233 
4.4. Thaw lysate plates on ice. Add 8.75 µL of the previously prepared reverse transcription and 234 
specific target amplification mix to 92 wells, including the linearity and no-template controls. Add 235 
8.75 µL of no-reverse transcription control mix to the four remaining wells. Seal plates with clear 236 
adhesive film and spin down to collect liquid at the bottom of the plates.  237 
 238 
4.5. Preform reverse transcription and specific target amplification by running the plate in a PCR 239 
machine according to the preamp program; step 1: 50 °C for 60 min, step 2: 95 °C for 2 min, step 240 
3: 95 °C for 15 s, step 4: 60 °C for 4 min, repeat steps 3-4 24 times and finally step 5: 8 °C forever. 241 
 242 
4.6. After PCR is complete, keep the plate at 8 °C for short term storage and -20 °C for long term 243 
storage.  244 

 245 
Note: Safe stopping point. Amplified material can be kept at 8 °C for short-term storage and at -246 
20 °C for long-term storage. 247 
 248 
5. Preparation of Sample and Assay Plates for Multiplex Microfluidic Gene Expression Analysis 249 
 250 
5.1. Prepare assay loading plate by pipetting 3 µL Assay loading reagent to each well of a 96 well 251 
plate. Add 3 µL of each primer to individual wells in the assay loading plate. 252 
 253 
5.2. Seal plate with adhesive film and spin down to collect liquid at the bottom of the plates. 254 
 255 
5.3. Prepare dilution plate by pipetting 8 µL of nuclease free water into all wells of a 96 well plate. 256 
Add 2 µL of amplified sample to the dilution plate, making a final dilution of 1:5.  257 
 258 
5.4. Seal plate with adhesive film, mix by vortexing plate for 10 s, and finally spin down to collect 259 
liquid at the bottom of the plates. 260 
 261 
5.5. Prepare sample loading mix by carefully mixing 352 µL of master mix with 35.2 µL of sample 262 
loading reagent. Prepare sample loading plate by aliquoting 3.3 µL of loading mix to each well of 263 
a 96 well plate.  264 



   

 265 
5.6. Add 2.7 µL from the diluted sample into each well of the sample loading plate.  266 
 267 
5.7. Seal plate with adhesive film and spin down to collect liquid at the bottom of the plates. 268 

 269 
6. Loading of Microfluidic Chip 270 
 271 
6.1. Take out a new 96 x 96 microfluidic chip. Prepare inlets by poking them with a syringe with 272 
cap on to make sure that they can be moved. 273 
 274 
6.2. Remove bubbles from syringes. Add full volume of syringes to each valve while tilting the 275 
chip 45 degrees and pressing down the valve. Prime chip with the IFC controller. 276 
 277 
6.3. Load each assay inlet with 4.25 µL from each of the wells in the assay loading plate. Avoid 278 
bubbles. If bubbles appear in the well, remove them with a pipette tip.  279 
 280 
6.4. Continue loading each sample inlet with 4.25 µL from each of the wells in the sample loading 281 
plate, avoid bubbles, and if bubbles appear, remove them with pipette tip. 282 
 283 
6.5. Load chip with the IFC controller.  284 
 285 
6.6. Check that the chip looks even and that all chambers have been loaded. Remove dust from 286 
the chip surface by touching it with tape. Run the chip in the multiplex microfluidic gene 287 
expression platform. 288 

 289 
7. Running Chip on Multiplex Microfluidic Gene Expression Platform 290 
 291 
7.1. After loading chip into the multiplex microfluidic gene expression platform, name the 292 
sample. 293 
 294 
7.2. Set ROX as passive dye. Set single probe and FAM-MGB as fluorescence. Use 96 x 96 standard 295 
v2 as protocol. Start run.  296 
 297 
7.3. Remove chip when run is complete.  298 

 299 
8. Preliminary Analysis of Chip Run 300 
 301 
8.1. Load data into Real-Time PCR analysis software. 302 
 303 
8.2. Load gene names and cell names by pasting cell and gene layouts from a tab delimited file. 304 
 305 
8.3. Open image view and select ROX as dye. Check if all wells have ROX passive dye.  306 
 307 



   

8.4. Investigate if all amplification plots look ok, with a smooth amplification curve with no spikes 308 
(similar to figure 3E).  309 
 310 
8.5. Ensure that all single-cells have expression of spiked-in control RNA to make sure that all 311 
have been loaded properly.  312 
 313 
8.6. Ensure that all cells have housekeeping gene expression and thus have been sorted properly.  314 
 315 
8.7. Ensure that 10 and 20 cell linearity controls have approximately 1 CT difference to validate 316 
linear amplification.  317 
 318 
8.8. Check if there is expression in the noRT control samples. If expression is detected in noRT 319 
consider changing probes to probes which do not detect genomic DNA for subsequent runs.  320 
 321 
8.9. Export data in csv files for further analysis.  322 

 323 
9. Single-cell Analysis using SCExV.  324 
 325 
Note: An introductory film is present20 to introduce the tool. Here, a short recommendation of 326 
how to do analysis using the controls introduced in the protocol is presented.  327 
 328 
9.1. Connect to the SCexV website20. 329 
 330 
9.2. Upload exported CSV files. 331 
 332 
9.3. Chose the spiked-in control RNA as positive control. Remove any cell which has a control 333 
RNA CT above 25. Normalize the data to median expression of control RNA. 334 
 335 
9.4. Click “Done here -> Analyze”. Remove noRT, notemplate, 10 and 20 cell controls in the 336 
exclude cell option. 337 
 338 
9.5. Cluster cells with the clustering approach of choice with the expected number of clusters. 339 
Export analyzed values. 340 

 341 
10. Index-sorting Analysis. 342 
 343 
10.1. Open FACS analysis software and load the indexed samples. 344 
 345 
10.2. Open the script editor and run the script available from Warfvinge et al.21 346 
 347 
10.3. Now that the FACS analysis software should have made a gate for each of the single cells, 348 
open layout editor and color the cells according to the grouping from SCexV (available in the file 349 
named “Sample_complete_Data.xls”). 350 
 351 



   

REPRESENTATIVE RESULTS:  352 
The protocol described is quick, easily performed and highly reliable. An overview of the 353 
experimental set-up is presented in Figure 1. The entire protocol, from sorting of single-cells, to 354 
specific target amplification, gene expression measurements and preliminary analysis can be 355 
performed in three days. An example of analyzed results in the form of a heat map that 356 
represents preliminary analyzed data from single-cell gene expression analysis using 96 primers 357 
and 96 cells from either a chronic myeloid leukemia (CML) patient or 96 cells from an aged-358 
matched healthy control is presented in Figure 2. Using hierarchical clustering, the analyzed cells 359 
can be divided into four subgroups based on their gene expression signatures. The heat map 360 
visualization is a convenient way to get an overview of the data as well as to control for wells that 361 
should be excluded from the analysis (e.g., control wells). Figure 2B is a principal component 362 
analysis (PCA) visualizing how similar the cells of each group are to each other using dimension 363 
reduction. Here, outliers are easily distinguished from the rest of the cells. To analyze how 364 
individual genes are distributed among the clusters as well as differ between them, violin plots 365 
are useful. In Figure 2C, the expression of four representative genes are shown: the fusion gene 366 
BCR-ABL1, which marks all leukemic cells; the cell cycle marker mKI67, which is expressed in an 367 
actively dividing group; the myeloid differentiation marker MPO, which is restricted to the cycling 368 
subgroup; and finally the house keeping gene RPS18, which is expressed in all cells. Finally, in 369 
Figure 2D the molecular signatures have been correlated to immunophenotyped, as the 370 
identities of each cell in each cluster are used to color the individual cells in a FACS plot generated 371 
from the index-sorting. Shown is the cell surface marker expression for the hematopoietic stem 372 
cell markers CD90 and CD45RA that in this case could be used to discriminate between some of 373 
the clusters and prospectively isolate them for functional analysis. 374 
 375 
The microfluidics used to perform the single-cell qPCR is very sensitive to introduction of air or 376 
particles into the system. Therefore, it is critical to do a post run quality check of the data. Figure 377 
3 shows representative data and the contrast between a successful and a failed run due to poor 378 
sample loading. Figure 3A shows how the Rox levels after a successful run spread evenly over all 379 
wells reassuring that the loading has been successful. In contrast, Figure 3B illustrates how 380 
sample and assay loading have failed as indicated by the lack of ROX in large parts of the chip. 381 
Once the quality of Rox has been assessed, the quality of the raw gene expression signals can be 382 
evaluated. In Figure 3C, a heat map of a successful run is presented, where expression is evenly 383 
spread out across samples with strong signal of around 7-25 Ct:s. In contrast, Figure 3D shows a 384 
heat map of a failed run where many samples have no signal or expression of a very limited 385 
amount of genes. The results in Figure 3D are likely due to an error in the FACS sorting prior to 386 
single-cell gene expression analysis, since many cells have clear expression signals while others 387 
lack expression completely. Finally, Figure 3E displays the expected amplification curve of spiked-388 
in control RNA with all wells having clear expression of around 10 CT with little to no variation. 389 
This positive control measures the efficiency of all steps in the single-cell qPCR analysis. To ensure 390 
that amplification is within dynamic range, different cell numbers are included as linearity 391 
controls; here, 10- and 20-cell controls are used. The CT differences between linearity controls 392 
should reflect the differences in cell numbers. Finally, the no reverse transcription (noRT) and the 393 
no template negative controls ensure that no false positive signals are detected from genomic 394 
DNA or contaminations, respectively.  395 



   

 396 
FIGURE AND TABLE LEGENDS: 397 
Figure 1. Schematic view of the protocol. Cells are stained, sorted with index-sort application 398 
activated to record surface marker expression, and lysed to release the mRNA. mRNA is 399 
subsequently reverse transcribed to cDNA and amplified using specific target amplification. Next, 400 
the samples are loaded together with individual primers into a microfluidic chip, where the gene 401 
expression profile of each cell is analyzed using RT-qPCR. After data collection, the data is pre-402 
processed to remove low-quality cells and clustering is performed to define molecularly distinct 403 
cell populations. Finally, molecularly defined subpopulations are correlated to surface marker 404 
expression from FACS index sorting data to immunophenotypically characterize the 405 
heterogeneity of the populations. 406 
 407 
Figure 2. Representative results of three successful single-cell gene expression analyzes of 408 
normal and leukemic hematopoietic stem cells. (A) Heat map showing single-cell gene 409 
expression measurements of 270 single cells from one chronic myeloid leukemia patient as well 410 
as an age-matched healthy control analyzed by hierarchical clustering using SCExV 18, an analysis 411 
tool designed for this type of data. Red represents high expression, blue low expression and grey 412 
no expression. The cells were divided into four different clusters based on their gene expression 413 
signatures. It is clear from the data that the leukemic stem cell population from this patient can 414 
be divided in one quiescent population (cluster 3), with expression of only a few differentiation 415 
markers, and one actively dividing population that has initiated expression of genes associated 416 
with myeloid differentiation (cluster 4). The data used here is from a selected patient included in 417 
previously published work by Warfvinge et al.22 (B) Principal component analysis (PCA) of the 418 
data displayed in A, where four separated groups can be shown. (C) Violin plots of four genes 419 
with cluster specific expression, BCR-ABL1, mKI67, RPS18 and MPO. Each violin plot represents 420 
the expression in each cluster and the dotted line across represents the mean value of expression 421 
for all cells. (D) Index-sorting analysis of one of the patient samples represented in the heat map, 422 
where each individual cell is marked with the color of its molecular subpopulation. 423 
 424 
Figure 3. Quality controls of multiplex qPCR in real-time PCR software. (A) Rox loading image of 425 
successful sample and assay loading. (B) Rox loading image of unsuccessful sample and assay 426 
loading, where failed loadings of samples are shown by a lack of ROX in horizontal lines. Failed 427 
loading of assays would be shown in vertical lines. (C) Example of a successful run in Heat map 428 
view, where single-cells represent rows and genes represent columns. High gene expression is 429 
indicated in yellow, low expression in blue and no detected expression in black. (D) Example of a 430 
failed run in Heat map view, where single-cells represent rows and genes represent columns. 431 
High gene expression is represented by yellow, low expression is represented by blue, and no 432 
detected expression as black. (E) Normalized Intensity (left) and amplification plot (right) of a 433 
spiked-in RNA control. Ct-values of approximately 10 and curves with limited variation indicate 434 
successful and robust reverse transcription, pre-amplification, and qPCR analysis within all wells. 435 
(F) Normalized intensity (left) and amplification plot (right) of a failed gene. The normalized 436 
intensities do not form a curve and the amplification plot shows large spikes in fluorescence.  437 
 438 
DISCUSSION:  439 



   

In recent years, single-cell gene expression analysis has become a valuable addition to define the 440 
heterogeneity of various cell populations23. The advent of RNA sequencing technologies 441 
theoretically provides a possibility to measure the entire transcriptome of a cell, however these 442 
methods are complicated by variations in cell-to-cell sequencing depths and drop-outs. Single-443 
cell qPCR offers a sensitive and robust analysis of the expression of hundreds of critical genes 444 
where all cells are treated similarly, reducing technical noise. The focused analysis of a limited 445 
number of transcripts additionally allows for simplified analysis without interference from highly 446 
expressed genes.  447 
 448 
Since the approach only investigates a subset of genes expressed in the cells it is highly important 449 
to choose the correct set of genes when designing the gene panel. The choice of genes can be 450 
done in several ways; through literature, previous findings by bulk analysis, and bioinformatics 451 
analysis of publicly available data. This is not trivial; however, with the correct set of genes the 452 
approach can be very powerful. When the gene panel have been designed, it is important to 453 
validate that the primers are not interfering during multiplexing. Here we recommend analyzing 454 
if the primers are linear by preforming a dilution series with ample material; a dilution series of 455 
primers used in this study is shown in supplemental figure 2D in Warfvinge et al.22  456 
 457 
The two main limitations of the protocol presented here are the limited number of cells and 458 
genes investigated. However, even though only 96 cells are investigated in each run, this 459 
relatively simple protocol can be completed in one day and thus hundreds of cells can be analyzed 460 
in one week. Additionally, the number of genes investigated could be increased if more primers 461 
are included in the target-specific pre-amplification step. In this case, several chips are needed 462 
to investigate each set of 96 primers.  463 
 464 
If highly expressed genes or cells with high RNA-content are being analyzed, the number of cycles 465 
optimized for hematopoietic stem cells with low overall gene expression23 should be modified. 466 
Changing amplification cycles is also important when investigating bulk populations. For bulk 467 
analysis of hematopoietic stem cells (100 cells) we recommend reducing the amount of pre-468 
amplification cycles from 25 to 18.  469 
 470 
The most common reasons for failed runs is due to unsuccessful sorting of single-cells into the 471 
well of the lysis plate, sorting of non-viable cells, suboptimal pre-amplification, or chip loading 472 
failure. The Rox level in each reaction chamber is an indicator of the loading of either sample or 473 
assay, and if these are low, it is recommended that the samples are re-run on a new chip, since 474 
low Rox levels are likely caused by introduction of bubbles during loading. Lack of spiked-in 475 
control RNA expression is an indicator of that the pre-amps have failed, likely due to issues with 476 
pre-amplification- or reverse transcription reagents. In this case, it is recommended that a new 477 
chip is run with newly sorted cells and new reactants. Detection of control RNA but no indication 478 
of other gene expression signals is an indication of unsuccessful single-cell FACS sorting prior to 479 
gene expression analysis. To avoid errors during FACS sorting it is important to ensure that the 480 
single-cells are sorted into the center of each well. This can be done by sorting beads into an 481 
empty plate and visually inspecting where the droplet lands. Make sure to test-sort into all wells 482 
in the edges of the plate to ensure that the set-up is not only correct for the first few wells. When 483 



   

applicable, single-cells can in parallel be sorted for in vitro growth and analyzed prior to qPCR 484 
analysis to control for successful sorting protocols. Index-sorting information does not only allow 485 
for investigating the immunophenotyped of a molecularly distinct subpopulation but can also 486 
provide useful insights when troubleshooting, if you are sorting an undefined population and 487 
many low-quality cells are present in the single-cell gene expression analysis. The index-sorting 488 
information can be used to optimize the gating strategy and avoid future sorting of low quality 489 
cells.  490 
 491 
Single-cell gene expression analysis is revolutionizing how heterogeneous cell populations are 492 
investigated and paving the way for further understanding of cell differentiation. In 493 
haematopoiesis, single-cell gene expression analysis have been used to refine sorting strategies 494 
for subsets of HSCs7, to resolve the heterogeneity of multipotent progenitor populations6,24,25, 495 
and to identify therapy insensitive leukemic stem cell populations22,26. Combination of index 496 
sorting with both single-cell gene expression- and functional analysis has previously been shown 497 
to be reliable and efficient when investigating immunophenotype and heterogeneity of different 498 
populations27-29. Here, an approach for investigation of molecular and immunophenotypic 499 
heterogeneity of cell populations have been described where combining single-cell qPCR with 500 
index sorting enables fast and reproducible results without complicated analysis in a short 501 
timeframe.  502 
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Name of Material/ Equipment Company Catalog Number Comments/Description
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CD19 PECY5 Biolegend 302210 Clone: HIB19

CD2 PECY5 Biolegend 300210 Clone: RPA-2.10

CD3 PECY5 Biolegend 300310 Clone: HIT3a

CD123 PECY5 Biolegend 306008 Clone: 6H6

CD235A PECY5 BD Pharma 559944 Clone GAR2

CD34 FITC Biolegend 343604 Clone: 561

CD38 APC Biolegend 303510 Clone: Hit2

CD90 PE Biolegend 328110 Clone: 5E10

CD45RA BV421 BD bioscience 560362 Clone: HI100

CD49f Pecy7 eBioscience 25-0495-82 Clone: eBioGOH3

FBS HyClone SV30160.3

PBS HyClone SH30028.02

96-well u-bottom Plate VWR 10861-564

SFEM

Stem cell 

technologies 9650

Penicillin streptomycin HyClone SV30010

TPO Peprotech 300-18

SCF Peprotech 300-07

FLT3L Peprotech 300-19

Falcon Tube 15 mL Sarstedt 62.554.502

Eppendorph tube Sarstedt 72.690.001

CST beads BD 642412

Accudrop Beads BD 345249 6-µm particles 

Adhesive film Clear

Thermo 

scientific AB-1170

Adhesive film Foil

Thermo 

scientific AB-0626

96 well PCR plate Axygen PCR-96M2-HS-C

PCR 1.5 mL tube Axygen MCT-150-L-C
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T100 PCR cycler BioRad 186-1096
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0.1M DTT Invitrogen P2325

RNAsout Invitrogen 10777-019 RNAse inhibitor
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Xeno RNA Control Invitrogen 4386995 From TaqMan Cells-to-CT Control Kit
20X Xeno RNA Control Taqman Gene 

Expression Assay Invitrogen 4386995 From TaqMan Cells-to-CT Control Kit

96.96 Sample/Loading Kit—10 IFCs Fluidigm BMK-M10-96.96

2X Assay Loading Reagent Fluidigm From 96.96 Sample/Loading Kit

20X GE Sample Loading Reagent Fluidigm From 96.96 Sample/Loading Kit

Control line fluid Fluidigm From 96.96 Sample/Loading Kit

TaqMan Gene Expression Master Mix

Applied 

Biosystems 4369016

BioMark HD Fluidigm BMKHD-BMKHD

96.96 Dynamic Array IFC Fluidigm

BMK-M10-
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Excel Microsoft Microsoft

FlowJo V10 TreeStar TreeStar
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ARTICLE AND VIDEO LICENSE AGREEMENT 

Title of Article: 

Author(s):  

Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/author) via:      Standard Access       Open Access 

Item 2 (check one box): 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article.  In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above.  The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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ARTICLE AND VIDEO LICENSE AGREEMENT 

4. Retention of Rights in Article.  Notwithstanding the

exclusive license granted to JoVE in Section 3 above, the

Author shall, with respect to the Article, retain the non-

exclusive right to use all or part of the Article for the non-

commercial purpose of giving lectures, presentations or

teaching classes, and to post a copy of the Article on the

Institution’s website or the Author’s personal website, in each

case provided that a link to the Article on the JoVE website is

provided and notice of JoVE’s copyright in the Article is

included.  All non-copyright intellectual property rights in and

to the Article, such as patent rights, shall remain with the

Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In

consideration of JoVE agreeing to produce, display or

otherwise assist with the Video, the Author hereby

acknowledges and agrees that, Subject to Section 7 below,

JoVE is and shall be the sole and exclusive owner of all rights of

any nature, including, without limitation, all copyrights, in and

to the Video.  To the extent that, by law, the Author is

deemed, now or at any time in the future, to have any rights

of any nature in or to the Video, the Author hereby disclaims

all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in

Item 1 above.  In consideration of JoVE agreeing to produce,

display or otherwise assist with the Video, the Author hereby

grants to JoVE, subject to Section 7 below, the exclusive,

royalty-free, perpetual (for the full term of copyright in the

Article, including any extensions thereto) license (a) to publish,

reproduce, distribute, display and store the Video in all forms,

formats and media whether now known or hereafter

developed (including without limitation in print, digital and

electronic form) throughout the world, (b) to translate the

Video into other languages, create adaptations, summaries or

extracts of the Video or other Derivative Works or Collective

Works based on all or any portion of the Video and exercise all

of the rights set forth in (a) above in such translations,

adaptations, summaries, extracts, Derivative Works or

Collective Works and (c) to license others to do any or all of

the above.  The foregoing rights may be exercised in all media

and formats, whether now known or hereafter devised, and

include the right to make such modifications as are technically

necessary to exercise the rights in other media and formats.

For any Video to which this Section 6 is applicable, JoVE and 

the Author hereby grant to the public all such rights in the

Video as provided in, but subject to all limitations and

requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States

government employee and the Article was prepared in the

course of his or her duties as a United States government

employee, as indicated in Item 2 above, and any of the

licenses or grants granted by the Author hereunder exceed the

scope of the 17 U.S.C. 403, then the rights granted hereunder

shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 

not in conflict with such statute shall remain in full force and 

effect, and all provisions contained herein that do so conflict 

shall be deemed to be amended so as to provide to JoVE the 

maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants

JoVE the right to use the Author’s name, voice, likeness,

picture, photograph, image, biography and performance in any

way, commercial or otherwise, in connection with the

Materials and the sale, promotion and distribution thereof.

The Author hereby waives any and all rights he or she may

have, relating to his or her appearance in the Video or

otherwise relating to the Materials, under all applicable

privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants

that the Article is original, that it has not been published, that

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 Author. The Author warrants that

the use, reproduction, distribution, public or private

performance or display, and/or modification of all or any

portion of the Materials does not and will not violate, 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 until such time 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 access 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 JoVE.  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.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

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 omissions 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 US$1,200 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 benefits 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:   

Department:   

Institution:  

Article Title:  

Signature:   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) Fax the 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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JoVE MS # JoVE57831R1 

 

Dear Dr Steindel, 

 

We would like to thank you for evaluating our manuscript “A Combinatorial Single-

Cell Approach to Characterize the Molecular and Immunophenotypic Heterogeneity 

of Human Stem and Progenitor Populations”.  

We are grateful for the favorable response and for the opportunity to revise the 

manuscript according to the editorial comments. We have now addressed all the 

comments and suggestions, and our changes have been highlighted in red in the 

manuscript. We hope that you will find our changes satisfactory and our revised 

manuscript suitable for publication in JoVE. 

 

Yours Sincerely, 

 

Mikael Sommarin and Göran Karlsson 
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