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Introduction  
 The reprogramming of human somatic cells to pluripotency is a 
slow, inefficient process and a detailed mechanistic understanding of this 
process remains elusive. Current models suggest reprogramming to 
pluripotency occurs in two-phases: a prolonged stochastic phase followed 
by a rapid deterministic phase1. Single cell resolution of transcript and 
protein expression dynamics in the stochastic phase is required in order to 
fully unravel this process. Single-cell mass cytometry is a powerful 
proteomics platform that enables the simultaneous analysis of over 30 
proteins per cell, without the need for compensation. In this process, 
antibodies directed against protein targets are labeled with isotopically 
pure rare earth metals and quantified on a single-cell basis.   
 Here we use mass cytometry to track the level of protein 
expression of cell-surface and intracellular pluripotency biomarkers 
upregulated during OKSM-induced somatic cell reprogramming using a 
panel of 26 metal-labeled antibodies over a 21-day time course in human 
cells. We were able to detect both essential surface (EpCAM, SSEA-4, 
TRA-1-60), and nuclear transcription factor (OCT-3/4, SOX2, KLF4) markers 
of pluripotency simultaneously, in human ES cells, but not fibroblasts, 
demonstrating the high sensitivity and specificity of this method. 
Transcript-level dynamics of the same genes are measured by single-cell 
RT-PCR using the Fluidigm Biomark HD systems using a 96-gene panel. 
With these data, we model the dynamics of mRNA and protein expression 
as cells transition from a somatic to a pluripotent state. 
 
 

Methods and Materials  
 
Single-cell Genomics: BJ fibroblasts were reprogrammed with a 
polycistronic lentivirus containing OCT-4, SOX2, KLF4 and c-MYC  (OSKM) 
on a single vector. Cells infected with OSKM were cultured in fibroblast 
media for 4 days prior to passaging into 10 cm dishes in hESC media. At 
the indicated time points, cells were harvested, stained with SSEA-4 and 
TRA-1-60 antibodies, and single cells were sorted via FACS into 96 well 
plates containing lysis buffer. Preparation of single cells was performed as 
previously described2 followed by RT-PCR on the Fluidigm Biomark HD 
system using a panel of 96 genes, shown in Table 1. 
 
Single-cell Proteomics: Approximately 5 million cells, from each of the 
reprogrammed samples, were stained according to the mass cytometry 
panel in Table 1. Following cell staining, individual samples were labeled 
with unique palladium isotope-based barcodes, and then combined into 
one sample. Approximately 4 million combined barcoded events were 
acquired on a CyTOF® 2 mass cytometer. All of the channels indicated in 
Table 1 were collected in addition to Pt195 for viability stain, Iridium 191 and 
193 for nucleated cell identification, Ce140, Eu151 and 153, Ho165 and 
Lu175 for data normalization and Pd102, Pd104, Pd105, Pd106, Pd108 and 
Pd110 for sample barcode identification. FCS files were normalized using 
the CyTOF software.  
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Conclusions  
 
Å Single-cell mRNA expression analysis results in a continuum of cell 

states leading to pluripotency as shown by PCA 
 

Å Single-cell protein expression analysis by viSNE reveals 
phenotypically distinct clusters of cells occurring during the 
reprogramming timecourse 
 

Å mRNA and protein expression track together throughout 
reprogramming, however for some targets, including Nanog and 
DNMT3b, mRNA expression precedes protein expression 
 

Å Integration of both mRNA and protein expression analysis, at the 
single-cell level, should provide much greater resolution of the 
dynamics of iPS cell reprogramming 
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Figure 1: Schematic Overview of 
Experimental Design to Correlate 
Single - Cell mRNA and Protein 
Expression During Human Somatic Cell 
Reprogramming to iPS Cells  

Table 1: List of Markers Used for mRNA 
(left) and Protein (right) analysis  
 
Genes for RT-PCR were chosen based on known 
roles in pluripotency or processes important for 
reprogramming including lineage specification and 
chromatin modification. Mass cytometry markers 
include 17 genes from the RT-PCR panel as well as 
recently identified surface markers shown to label 
distinct reprogramming populations in mouse3.  
Markers analyzed at both mRNA and protein levels 
are shown with an asterisk in the RT-PCR panel.  
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Figure 2: Single Cell Analysis of mRNA Expression During Reprogramming  
 
(A) Unsupervised hierarchical clustering allows coarse assignment of genes that are activated/inactivated either early or 
late in the process (white boxes). These genes are also schematized in (B). Continuous modeling of gene expression by 
reducing dimensionality by PCA (C) and defining a reprogramming trajectory from the beginning (fibroblast) to the end 
(hESC) of the process (black line). Logistic regression provides a continuous measure of gene expression probability 
along the reprogramming trajectory for inactivation (D) and activating (E) genes.  
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Results  
RT- PCR Panel  Mass Cytometry Panel  
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Mass Metal  Target Clone Cell Location 

127 IdU S-phase/Proliferation N/A Nucleus 

141 Pr EpCAM 9C4 Surface 

145 Nd CD4 RPA-T4 Surface 

148 Nd TRA-1-60 TRA-1-60 Surface 

149 Sm SMAD4 253343 Nucleus 

150 Nd SOX2 O3O-678 Nucleus 

151 Eu SSEA-4 MC813 Surface 

152 Sm CD13 WM15 Surface 

153 Eu Lck Lck-01 Cytoplasm 

154 Sm CD309 7D4-6 Surface 

159 Tb p21/CIP1/WAF1 12D1 Nucleus 

160 Gd PDGFRa D13C6 Surface 

161 Dy Ki67 B56 Nucleus 

162 Dy KLF4 D1F2 Nucleus 

163 Dy Lumican EPR8898 Cytoplasm 

164 Dy DNMT3b 832121 Nucleus 

165 Ho Oct-3/4 40/Oct-3 Nucleus 

166 Er Rex1 polyclonal Nucleus 

167 Er CCR7 G043H7 Surface 

168 Er CD73 AD2 Surface 

169 Tm Nanog N31-355 Nucleus 

171 Yb CD44 IM7 Surface 

172 Yb CD200 OX-104 Surface 

173 Yb CD104 58XB4 Surface 

174 Yb CD49d 9F10 Surface 

175 Lu OTX2 246826  Nucleus 

176 Yb c-Myc 9E10 Nucleus 
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Figure 3: Single Cell Analysis of Protein Expression by Mass Cytometry  
 
(A) Map of protein expression generated by the viSNE algorithm. Cell events are colored by timepoint as indicated in the 

figure legend. Using known marker expression, gates were drawn around putative reprogramming populations based on 
progression of cells toward a hESC-like phenotype during the timecourse. (B) The same map produced in (A), with color 
representing expression of the marker indicated in each map.  (C) Heatmap depicting the median level of protein expression 
on a log10 scale. Columns reflect the reprogramming progression from fibroblast (left) to hESC (right), and the populations 
predicted in (A). Proteins were manually ordered from top to bottom to reflect their pattern of activation along the putative 
reprogramming trajectory.  

Figure 4: Correlating mRNA and Protein Expression during Reprogramming  
 
(A) For both the mRNA and protein expression analysis, the percent of the SSEA-4+ population expressing the 
indicated markers at each point during the reprogramming timecourse was determined.  (B) The same PCA plot 
displayed in Figure 2 (C), overlaid with presence/absence of mRNA for Nanog (left) and DNMT3b (right). Expression 
of both mRNAs occurs early in the process. (C) Reprogramming timecourse protein expression data were analyzed 
with SPADE. Dotted lines demarcate fibroblast, late-reprogramming, reprogramming-refractory and hESC 
populations which were identified based on known marker expression. The data suggest that Nanog and DNMT3b 
are confined to the late stages of reprogramming and occur only in a small subset of cells. 

Gene Classification  Gene Classification  

TET1 Chromatin TGFBR2 Pluripotency 

SET Chromatin FGF2 Pluripotency 

CDKN1A (p21/Cip1/Waf1)* Chromatin NODAL Pluripotency 

DNMT3L Chromatin Wnt3 Pluripotency 

DNMT3B* Chromatin SMAD4* Pluripotency 

USP16 Chromatin DVL2 Pluripotency 

PRDM14 Chromatin KDR (CD309)* Pluripotency 

TET2 Chromatin CD44* Pluripotency 

PHC1 Chromatin DUSP10 Pluripotency 

CBX7 Chromatin LCK* Pluripotency 

JMJD3 Chromatin CDH1 Pluripotency 

EZH2 Chromatin Gata6 Pluripotency 

JARID1A Chromatin SEMA6A Pluripotency 

SETD1A Chromatin APOE Pluripotency 

JMJD2B Chromatin GDF3 Pluripotency 

MYST2 Chromatin GABRB3 Pluripotency 

MBD3 Chromatin ESRRB Pluripotency 

UTF1 Chromatin KLF5 Pluripotency 

RNF2 Chromatin DPPA4 Pluripotency 

EED Chromatin DPPA2 Pluripotency 

JARID2 Chromatin GAL Pluripotency 

HDAC2 Chromatin LRRN1 Pluripotency 

COL3A1 Fibroblast NANOG* Pluripotency 

TDGF1 Fibroblast SOX2* Pluripotency 

SNAI2 Fibroblast c-MYC* Pluripotency 

CDH2 Fibroblast KLF4* Pluripotency 

LATS2 Fibroblast LEFTY2 Pluripotency 
SMARCC2 Fibroblast SALL1 Pluripotency 

LOX Fibroblast SALL4 Pluripotency 

LUM* Fibroblast STAT3 Pluripotency 

GREM1 Fibroblast ZIC3 Pluripotency 
GAPDH Housekeeping ZNF281 Pluripotency 

Eomes Lineage Marker ZFP42 (REX1)* Pluripotency 

FOXD1 Lineage Marker NACC1 Pluripotency 
HNF4A Lineage Marker RIF1 Pluripotency 

T Lineage Marker NR0B1 Pluripotency 
MyoD1 Lineage Marker REST Pluripotency 

Sox1 Lineage Marker OTX2* Pluripotency 

SOX13 Lineage Marker LIN28 Pluripotency 

TCL1A Lineage Marker SP1 Pluripotency 
CD48 Lineage Marker TRIM28 Pluripotency 

CD4* Lineage Marker FBXO15 Pluripotency 
CD3D Lineage Marker ETV5 Pluripotency 

PTPN6 Lineage Marker TCF3 Pluripotency 
CCR7* Lineage Marker HESX1 Pluripotency 

MASP1 MSC CCND1 Pluripotency 
FOSB MSC POU5F1 (Oct-3/4)* Pluripotency 

STEMCCA Transgene LEFTY1 Pluripotency 
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