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Human	induced	pluripotent	stem	cells	(hiPSCs)	and	human	embryonic	stem	cells	(hESCs)	are	promising	can-
didate	cell	sources	for	regenerative	medicine.	However,	despite	the	common	ability	of	hiPSCs	and	hESCs	to	dif-
ferentiate	into	all	3	germ	layers,	their	functional	equivalence	at	the	single	cell	level	remains	to	be	demonstrated.	
Moreover,	single	cell	heterogeneity	amongst	stem	cell	populations	may	underlie	important	cell	fate	decisions.	
Here,	we	used	single	cell	analysis	to	resolve	the	gene	expression	profiles	of	362	hiPSCs	and	hESCs	for	an	array	
of	42	genes	that	characterize	the	pluripotent	and	differentiated	states.	Comparison	between	single	hESCs	and	
single	hiPSCs	revealed	markedly	more	heterogeneity	in	gene	expression	levels	in	the	hiPSCs,	suggesting	that	
hiPSCs	occupy	an	alternate,	less	stable	pluripotent	state.	hiPSCs	also	displayed	slower	growth	kinetics	and	
impaired	directed	differentiation	as	compared	with	hESCs.	Our	results	suggest	that	caution	should	be	exer-
cised	before	assuming	that	hiPSCs	occupy	a	pluripotent	state	equivalent	to	that	of	hESCs,	particularly	when	
producing	differentiated	cells	for	regenerative	medicine	aims.

Introduction
Human induced pluripotent stem cells (hiPSCs) can be derived 
from differentiated somatic cells by a reprogramming pro-
cess involving overexpression of a key set of transcription fac-
tors (1, 2). hiPSCs behave similarly to human embryonic stem 
cells (hESCs), with respect to their self-renewal and pluripo-
tent potential in vitro and in vivo, and can therefore be used 
to generate large quantities of differentiated cells needed for 
regenerative medicine applications (3). Comparison of the gene 
expression profiles of hiPSCs and hESCs has revealed a globally 
similar pattern, with significant upregulation of key pluripo-
tency maintenance network genes, such as Oct4 (also known as 
Pou5f1), Nanog, Sox2, and DNMT3B.

A growing body of evidence suggests that cell populations, par-
ticularly stem cells, do not comprise a homogenous cellular entity 
either in vitro or in vivo (4). Rather, stem cells display an inherent 
heterogeneity at the molecular level, which underlies the probabi-
listic element of their fate determination (5–13). Single cell analy-
sis has aided our ability to scrutinize the dynamic fluctuations 
in gene expression changes among seemingly homogenous cell 
populations in other settings (7, 12, 14), but single cell analysis of 
hiPSCs has not been previously reported (see Supplemental Dis-
cussion; supplemental material available online with this article; 
doi:10.1172/JCI44635DS1). Here, we use a microfluidic platform 
to resolve the gene expression profiles of single hiPSCs for an array 
of 28 genes known to characterize the pluripotent state of hESCs 
as well as 14 genes associated with differentiated lineages. Such 
comparisons between hiPSCs and hESCs will be critical prior to 
deciding which cell type is the most promising for various regen-
erative medicine applications.

Results
Heterogeneity in gene expression levels is much greater among hiPSCs than 
amongst hESCs. Three well-established hESC lines, namely H7, H9, and 
HES2, were selected to form a reference standard against which to 
compare hiPSCs. Four hiPSC lines were used, originating from either 
IMR90 dermal fibroblasts or human adipose stromal cells (hASCs), 
using lentiviral transgenesis or nonviral minicircle-based reprogram-
ming (Supplemental Table 1). Consistent with previous reports (2, 15, 
16), the hiPSC populations used in this study meet criteria typically 
used to define pluripotency (Supplemental Figure 1). They expressed 
high levels of pluripotency-related transcripts and cell surface antigens, 
generated teratomas containing all 3 germ layers, and expressed glob-
ally similar microarray profiles. These analyses were performed using 
cell populations, like most currently available gene expression data 
analysis, and mask important differences between individual cells.

After validating the ability of our microfluidic platform to 
detect transcript levels in single cells (Supplemental Figure 2), 
we isolated a total of 282 single, viable hESCs and hiPSCs using 
flow cytometry and analyzed the mRNA levels of a key set of 28 
pluripotency-related transcripts (see Supplemental Discussion). 
Pluripotency-related transcripts at the single cell level were highly 
expressed in the pluripotent stem cells relative to the differenti-
ated cells (Figure 1A). The Ct values of key pluripotency-related 
transcripts were nearly identical between hESCs and hiPSCs when 
assessed in aggregate by calculation of the geometric mean, indi-
cating equivalent gene expression levels in the cell types when 
regarded as a population (Figure 1B). However, an analysis of the 
frequency distribution allowed us to visualize the heterogeneity 
in the single cells, as reflected by the horizontal spread of a his-
togram plot. Interestingly, the variation in transcript levels was 
demonstrably higher in hiPSCs than in hESCs for a number of key 
pluripotency-related transcripts (Figure 1C and Supplemental Fig-
ure 3). We computed the variance in our sample populations and 
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statistically determined that the difference in variance between 
hESC and hiPSC transcript levels was significant for a number of 
key regulators of the pluripotency maintenance network, such as 
OCT4, SOX2, NANOG, and GDF3 (Supplemental Figure 4 and Sup-
plemental Table 2). Interestingly, single hiPSCs did not segregate 
according to donor cell line during any of our analyses (Supple-
mental Figure 5), indicating that the variation in gene expression 
levels was not dependent on derivation technique (viral vs. non-
viral) or starting cell source (IMR90 vs. hASCs). Heterogeneity in 
transcript expression levels could not be attributed to differences 
in passage number, variable expression of Dlk1-Dio3 locus (Sup-
plemental Figure 7), or altered cell cycle regulation (Supplemental 
Figure 8 and Supplemental Discussion).

We also assayed hESCs and hiPSCs for 14 transcripts associ-
ated with the differentiated state. Most transcriptional markers 
of differentiation, such as PAX6, AFP, and T (also called Brachy-
ury), were rarely detected amongst undifferentiated hESCs and 
hiPSCs (Supplemental Figure 8). Coexpression of lineage-related 
transcripts alongside pluripotency markers suggests reversible 
lineage priming toward a particular cell fate, as has been observed 
in multipotent hematopoietic progenitors (17–19). Coexpression 
of ectodermal lineage markers, such as nestin (NES) and micro-

tubule associated protein-2 (MAP2), was observed relatively often 
in undifferentiated hESCs and hiPSCs, suggesting lineage prim-
ing toward the ectodermal fate under feeder-free culture condi-
tions. Priming toward the ectodermal fate was most likely due to 
the high concentrations of bFGF, a known neurotrophic factor, 
in the culture media (20).

Gene expression profiling of single cells isolated on the basis of sur-
face antigen expression or colony position. The cell surface antigens 
Tra-1-60 and SSEA-4 have been previously reported as potential 
markers of bona fide hiPSCs (21). We sought to better define this 
subtype of pluripotent stem cell using FACS for high Tra-1-60 
and SSEA-4 antigen expression levels (Supplemental Figure 9). 
We selected a total of 84 single, viable Tra-1-60+/SSEA-4+ hESCs 
and hiPSCs for gene expression profiling of an expanded array of 
pluripotency-related genes. After selection of cells based on this 
particular immunophenotype, lack of homogeneity in transcript 
levels among hESCs was still evident, but an even greater gradi-
ent of expression in pluripotency-related transcripts was present 
in the hiPSCs (Figure 2A). After applying principal components 
analysis to the data (see Supplemental Discussion), we observed 
that hESCs occupied a discrete focus with a small percentage 
of outliers within principal component space, while hiPSCs 

Figure 1
Gene expression profiling of 282 single hESCs and hiPSCs. (A) An array showing that pluripotency (top) and lineage (bottom) marker tran-
scripts are differentially expressed in pluripotent stem cell types (H7, H9, HES2, hiPSC1–4) versus somatic cell types (IMR90 and hASCs). (B) 
Comparison of the Ct values obtained by single cell qRT-PCR shows that pluripotency transcript levels are equivalent when considering the cell 
populations as a whole (geometric mean ± SD). (C) Population distribution plots (horizontal axis represents Ct value; vertical axis represents 
percentage of total cell population) reveal that single hiPSCs (white bars) display considerable heterogeneity in transcript expression levels in 
comparison with that of single hESCs (black bars).
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spanned a large area of the space with no discrete concentration 
(Supplemental Figure 10), demonstrating that even Tra-1-60+/
SSEA-4+ hiPSCs exhibit considerable cell-to-cell variability in 
gene expression levels.

The hiPSCs exhibiting large variations in gene expression lev-
els had been randomly chosen from dissociated colonies. We next 
sought to determine whether transcript levels were dependent 
on the cell’s positional context within the colony under feeder-
free conditions. We isolated cells from the peripheral and central 
regions of hESC and hiPSC colonies grown under feeder-free con-
ditions using 0.2-mm glass capillary micropipettes and observed 
downregulation of pluripotency-related transcripts toward the 
periphery of colonies (Figure 2B). Among detectable lineage-spe-
cific genes, such as NES, PAX6, SOX17, and GATA4, no significant 

positional variation in their expression was observed in the hESC 
colonies, although the hiPSC colonies did display a pattern sug-
gestive of increased peripheral ectodermal lineage priming (Fig-
ure 2C). As expected, expression of housekeeping genes (GAPDH 
and 18S rRNA) did not vary significantly between the central and 
peripheral regions of either cell type.

Differentiation of hiPSCs is slow and inconsistent. The in vivo teratoma 
formation assay is a commonly used test to definitively assay the 
pluripotent capacity of hESCs and hiPSCs. In order to track their 
growth in vivo, we stably transduced hESCs (H7) and hiPSCs (iPSC1) 
with a double fusion reporter gene construct expressing firefly lucif-
erase and enhanced green fluorescent protein. After selection by 
FACS, the hESCs and hiPSCs stably expressed firefly luciferase, such 
that the bioluminescent signal intensity correlated linearly with the 

Figure 2
Immunophenotypic and positional varia-
tion in single cell gene expression. (A) 
Gene expression profiling of single hiPSCs 
expressing the Tra-1-60+/SSEA-4+ immu-
nophenotype. Heat map representations 
of gene expression levels in immunophe-
notyped hESCs and hiPSCs versus dif-
ferentiated fibroblast cells (IMR90), with 
each column representing a single cell. 
Single hESCs (left) show minimal het-
erogeneity, while single hiPSCs (middle) 
show increased variability in comparison 
with 4 somatic IMR90 cells (right), with no 
segregation of cells according to cell line 
when subjected to a hierarchical clustering 
algorithm. A gradient of hiPSC expression 
is evident, with cells expressing low levels 
of pluripotency transcripts enriched to the 
right. (B and C) Positional variation in tran-
script expression levels within pluripotent 
stem cell colonies. (B) A positional gradient 
of expression is evident in both hESCs and 
hiPSCs, with lower expression of pluripo-
tency transcripts observed in the periphery 
of the colony. (C) Expression levels of ecto-
derm (PAX6 and NES), early mesoderm 
(GATA4), and endoderm (SOX17) tran-
scripts are uniform across hESC colonies. 
However, the periphery of hiPSC colonies 
has undergone relative downregulation 
of endoderm marker SOX17 and relative 
upregulation of ectoderm marker PAX6.
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number of surviving cells (Supplemental Figure 11). We then ana-
lyzed the relative growth rate and time course of hiPSC-derived ver-
sus hESC-derived teratoma growth. When immunodeficient mice 
were injected with equal numbers of stably transduced hESCs and 
hiPSCs, both had well-formed teratomas, exhibiting all 3 germ lay-
ers, as shown by histology, at week 6 after implantation (Supple-
mental Figure 12). However, hiPSC-derived teratomas had much 
slower growth kinetics than hESC-derived teratomas (Figure 3,  
A and B), suggesting a relative deficit in their in vivo self-renew-
ing capability (Supplemental Figure 13 and see Supplemental 
Discussion). By day 21 after transplantation, the bioluminescent 
signal intensity was significantly different between the 2 groups  
(5.73 × 106 ± 0.3 × 106 vs. 3.00 × 107 ± 1.2 × 107 photons/s/cm2/stera-
dian for hiPSCs vs. hESCs, respectively; P < 0.05).

Next, we compared the response of hESCs and hiPSCs to directed 
differentiation protocols for the production of cells that may be of 
use in cardiac and vascular repair, namely beating cardiomyocytes 
and ECs. Using a well-established protocol, we found that hESCs 
from 3 lines differentiated robustly into hESC-derived cardiomyo-
cytes (hESC-CMs), with 27.0% ± 3.6% of the cell aggregates con-
taining beating cardiomyocytes (Supplemental Video 1). However,  
hiPSCs exhibited a variable response to identical differentiation cues, 

despite changing the cell line and inductive cytokine concentrations, 
with 11.2% ± 11.5% of the hiPSC-derived cell aggregates containing 
beating cardiomyocytes (hiPSC-CMs) (Figure 3, C and D). We also 
sought to assess the capability of hiPSCs to produce ECs, since hESC-
derived ECs (hESC-ECs) have been previously demonstrated as being 
capable of in vitro expansion and in vivo vasculogenesis (22). How-
ever, hiPSC-derived ECs (hiPSC-ECs) had limited expansion capacity 
in vitro, suggesting early senescence, and exhibited a gradual loss of 
CD31 marker expression over a period of 2 weeks (Figure 3, E and F).  
In contrast, hESC-ECs were capable of robust in vitro expansion, 
with only minimal loss of CD31 marker expression (85.3% ± 6.32% 
for hESC-ECs vs. 28.2% ± 8.77% for hiPSC-ECs at day 21; P < 0.05).

In this study, we compared hESCs to hiPSCs that had been strin-
gently validated in a variety of assays, including microarrays, quan-
titative PCR (qPCR), immunocytochemistry, karyotyping, and 
teratoma formation (Supplemental Figures 1, 7–9, 12, 14, and 15). 
Taken together, our data indicate that if hESCs are to be thought 
of as the “gold standard” pluripotent cells derived from the blas-
tocyst, then hiPSCs are in vitro constructs that only partially reca-
pitulate hESC biology. Consistent with previous reports, we show 
that hiPSC populations collectively maintain a similar gene expres-
sion profile to hESCs, express high levels of pluripotency-related 

Figure 3
Limited growth and differentiation potential of hiPSC-derived cells. (A) Representative bioluminescence images of immunocompromised SCID 
beige mice implanted with 106 hESCs or 106 hiPSCs stably expressing firefly luciferase reporter construct. (B) Quantitative analysis of bio-
luminescence imaging data shows slower teratoma growth kinetics of hiPSC-derived teratomas (mean ± SEM for n = 10). sr, steradian. (C) 
Immunostaining for cardiac troponin T (cTnT) of hESC- and hiPSC-derived cardiomyocytes (original magnification, ×20). (D) Assessment of 
the percentage of cell aggregates containing beating cardiomyocytes after 14 days shows substantial variation in the yield of hiPSC-CMs, while 
the yield of hESC-CMs is stable (mean ± SEM for n = 8). (E) Immunostaining for CD31 (left) and CD144 (top right) EC markers and robust LDL 
uptake (bottom right) for hESC-derived ECs after 14 days of differentiation before (bottom left) and after (top left and top right) FACS enrichment 
(original magnification, ×20). (F) Cell proliferation and CD31 expression over 2–3 weeks after isolation of EC populations show limited stability 
and proliferative capacity of hiPSC-ECs in comparison with hESC-ECs (mean ± SD for n = 4).
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transcripts and cell surface antigens, and are capable of generating 
endothelial progenitor cells, beating cardiomyocytes, and terato-
mas containing all 3 germ layers. However, hiPSC-derived cells also 
manifest important differences compared with their hESC-derived 
counterparts, which may limit their ultimate clinical applicability 
(Figure 3 and refs. 23, 24). The molecular mechanisms underlying 
the dissimilar growth and differentiation potential of hiPSCs and 
hESCs have remained elusive (see Supplemental Discussion).

Although mouse iPSCs can be tested in tetraploid blastocyst 
complementation assays, hiPSCs need to be evaluated according 
to molecular surrogates of their pluripotent and self-renewing 
capabilities. Robust quality control standards must be instituted 
to assign hiPSCs to “pluripotent grades” according to quantitative 
measurements of transcript and protein abundance. High-through-
put microfluidic devices can enable rapid, efficient assessment of 
complex stem cell populations, such as hiPSCs. Quantitative single 
cell gene expression profiling of hESCs and comparison of hiPSCs 
to this reference standard are the initial steps toward achieving 
this goal. Here, we demonstrate that microfluidic single cell gene 
expression profiling can uncover instability in hiPSC gene expres-
sion profiles, which may significantly affect the ultimate clinical 
translatability of these exciting sources for cellular repair.

Methods
Cell culture. hESC and hiPSC lines were cultured on Matrigel-coated tissue cul-
ture dishes (Growth Factor Reduced; BD Biosciences) with mTeSR-1 growth 
medium (Stem Cell Technologies). See Supplemental Methods for details.

Single cell gene expression profiling. hESCs and hiPSCs were dissociated 
into single cells using Accutase (Sigma-Aldrich) and resuspended in 
PBS-based FACS buffer supplemented with 2% FBS (Gibco) before being 
passed through a cell strainer. Propidium iodide was added to the single 

cell suspension just prior to sorting using a FACS Aria (BD Biosciences) 
into 96-well 0.2-ml PCR plates containing buffers and enzymes for reverse 
transcription per manufacturer’s instructions (Fluidigm; see Supplemen-
tal Methods). All reactions were performed in duplicates or triplicates, and 
Ct values were directly used in data analysis after normalization to the 18S 
endogenous control gene. Any cells with an 18S endogenous control Ct 
value below 15 were discarded as cell debris (Supplemental Figure 2).

FACS. See Supplemental Methods for details.
Teratoma formation and bioluminescence imaging. See Supplemental Meth-

ods for details. All animal procedures were approved by the Administrative 
Panel on Laboratory Animal Care at Stanford.

Cardiomyocyte and EC differentiation. See Supplemental Methods for details.
Statistics. Gene expression data analysis was carried out using GeneSpring 

GX 11.0 software (Agilent). Test of homogeneity of variances was performed 
using an Ansari-Bradley 2-sample test. Data are shown as mean ± SD, except 
as indicated. Differences were considered significant at P < 0.05.
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