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The hematopoietic system produces a large number of highly
specialized cell types that are derived through a hierarchical differ-
entiation process from a common stem cell population. miRNAs are
critical players in orchestrating this differentiation. Here, we report
the development and application of a high-throughputmicrofluidic
real-time quantitative PCR (RT-qPCR) approach for generating
globalmiRNAprofiles for 27phenotypically distinct cell populations
isolated from normal adult mouse hematopoietic tissues. A total of
80,000 RT-qPCR assays were used to map the landscape of miRNA
expression across the hematopoietic hierarchy, including rare pro-
genitor and stem cell populations. We show that miRNA profiles
allow for the direct inference of cell lineage relations and functional
similarity. Our analysis reveals a close relatedness of the miRNA
expression patterns in multipotent progenitors and stem cells,
followed by a major reprogramming upon restriction of differenti-
ationpotential to a single lineage. Theanalysis ofmiRNAexpression
in single hematopoietic cells further demonstrates that miRNA
expression is very tightly regulated within highly purified popula-
tions, underscoring the potential of single-cell miRNA profiling for
assessing compartment heterogeneity.
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Hematopoiesis is a complex process through which a hierarchy
of increasingly specialized cell populations originate from

a common pluripotent hematopoietic stem cell. New blood cells
(1010 to 1011) are produced daily in adult humans, and the regu-
lated output of this enormous number of cells involves multiple
levels and mechanisms of control. The latter includes cell–cell
interactions and soluble cytokine-activated signaling events, trans-
cription factor activation, and epigenetic changes leading to al-
tered gene expression programs (1). The relatively recent discov-
ery of microRNAs (miRNAs) and their ability to regulate many
differentiation processes has introduced new complexity into un-
derstanding the regulation of hematopoiesis (2).
miRNAs are short RNA molecules, 19–25 nucleotides in

length, that play key roles in regulating gene expression by inhib-
iting translation and/or triggering degradation of targetmessenger
RNAs (3). There are hundreds of miRNAs found in a given mam-
malian genome, and a single miRNA can regulate hundreds of
genes (4). miRNAs thus act as master regulators of transcriptional
programs, and their expression patterns are thought to reflect bi-
ological relationships between hematopoietic lineages. A growing
body of work studying miRNA expression in abundant cell pop-
ulations, including both normal and malignant cells, has made it
clear that miRNAs play a critical role in hematopoiesis and blood
cancers (4–7).
Generating a comprehensive atlas of miRNA expression pat-

terns, and how they change during the initial stages of hemato-
poietic stem cell differentiation in particular, has been impeded by
the scarcity of primitive cells and the limited sensitivity and high
cost of current profiling methodologies. Low RNA yields pose
a major constraint to quantifying miRNAs by using established
methods such as Northern blotting, cloning, microarrays, and deep

sequencing, all of which rely on the availability of microgramRNA
quantities. Real-time quantitative PCR (RT-qPCR) provides the
highest sensitivity of miRNA quantification, is capable of distin-
guishing mature and precursor miRNA, and produces fewer false-
positives and reduced bias when compared with microarray or se-
quencing approaches (8, 9). Here, we combine the sensitivity and
specificity of multiplexed RT-qPCRwith the economy of scale and
throughput of microfluidics to allow for global miRNA profiling
from limited cell populations and single cells.Weapply thismethod
to map the expression patterns of 288 miRNA species in 27 dif-
ferent hematopoietic subsets drawn from all parts of the hemato-
poietic hierarchy.

Results
miRNA Profiling in Rare and Single Cells Using Microfluidic qPCR. We
sought to apply newly available microfluidic technology to gener-
ate a unified and comprehensive dataset of miRNA expression
across the hematopoietic tree. To achieve this goal, we developed
and validated a protocol formiRNAprofiling in rare cell types that
is based on multiplexed stem-loop RT-qPCR (10), followed by
high-throughput nanoliter volume qPCR on microfluidic arrays
(48.48 Dynamic Array; Fluidigm). All protocol development and
testing was performed by using freshly derived primitive adult
mouse bone marrow cells engineered to express a NUP98-
HOXD13 (ND13) fusion gene (11). These cells possess a pheno-
type that reflects immature (c-kit+) and mature (Mac1+) murine
bone marrow cells and, thus, are a suitable representative of the
murine hematopoietic system for which miRNA expression has
been characterized in depth (12). Our protocol consists of three
steps: multiplexed RT, multiplexed cDNA preamplification, and
nanoliter volume simplex qPCR using TaqMan probes (Fig. S1
and SI Materials and Methods). To permit the global analysis of
limited samples, we selected 96× multiplexing as an optimal
tradeoff between sensitivity and throughput. To cover 288miRNA
targets, each samplewas split into three reverse transcription (RT)
reactions performed by using unique pools of 96 RT primers
(Dataset S1). The generated cDNA from each pool was then
subjected to 18 cycles of PCR before analysis on microfluidic
qPCR arrays. Comparison of the number of miRNAs detected
from purified RNA and cell lysates established that cell inputs
of 1,024 cells were sufficient to detect the majority (>95%) of
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miRNA present in a given sample. These cell numbers are well-
matched to achievable purification yields of rare primitive cells.
To account for possible variations in assay efficiency and sensi-

tivity, we included external calibration standards consisting of 10×
serial dilutions of synthetic miRNAs (mirVana miRNAReference
Panel v9.1; ABI). Analysis of these standards revealed that assay
efficiency varied considerably (Dataset S2) and that sensitivity
ranged between 10 and 105 molecules per reaction. Variations in
assay efficiency were found independent of multiplexing level and
were observed even for serial dilutions of miRNA standards in
single-plex reactions performed in conventional tubes (Fig. S2).
We further extended our protocol to measure miRNA expres-

sion in single cells. Nine highly expressed miRNA species were
measured from a 2-fold dilution series of purified RNA template
ranging from 16 single cell equivalents (320 pg) to 1/16 of a cell
equivalent (1.25 pg) at varyingmultiplexing levels of 12×, 48×, 96×,
and 312× (Fig. S3). These experiments established that 12× mul-
tiplexing provided reliable detection of abundant miRNA directly
from single cell amounts of RNA with technical variation below
oneCTvalue and sensitivity better than1pgofwholeRNA(Fig. 1).

Profiling 288 miRNAs in 27 Hematopoietic Subpopulations. We then
applied our protocol to the profiling ofmiRNAexpression in select
populations representing the hematopoietic hierarchy. A total of
27 cell populations, chosen to represent a large spectrum of dif-
ferentiated and primitive cell types, were tested for their ex-
pression of 288 different miRNAs (Fig. 2A). A list of cell surface
markers used in the purification of the subsets studied and the
miRNAs assayed is included as supporting information (Dataset
S1 and Table S1). Cell populations were isolated from bone
marrow, peripheral blood, spleen, thymus, and peritoneal washes
of normal adult C57BL/6J mice. RNA extracts were prepared
from at least three sets of independently isolated cells and each
extract was analyzed in triplicate with two exceptions: E-SLAM
(stem) cells and mature thymocytes, where only a single replicate
produced an acceptable signal (see SI Materials and Methods for
details). All qPCRmeasurements were performed in duplicate. In
total, we assembled six runs in which 288 assays were tested against
seven calibration and 41 biological samples derived from 27 pu-
rified hematopoietic cell samples including representatives of all
hematopoietic lineages, as well as various stem and progenitor cell
populations (Fig. 2A).
Altogether, 82,924 independent qPCR reactionswere performed.

One hundred eighty-seven of all 255 tested miRNAs were detected
in multiple biological replicates of at least one of the 27 cell pop-
ulations examined (Dataset S3). The remaining 68 miRNAs were
regarded as not expressed at detectable levels (Datasets S1 and S2).
Twenty-six of the 187 detected miRNAs were found in all cell pop-
ulations tested, 46 were found in <25% of the 27 cell types, and 51
where found in >75% of these. Log2-ratio measurements of tech-
nical and biological deviation in our dataset were 1.08 and 2.02, re-
spectively, with a total set deviation of 2.6, indicating that biological
variability is the main source of measurement error (Fig. S4).

Comparison of miRNA Expression Profiles in Different Cell Types.
Recent work suggests that miRNAs are modulated during dif-
ferentiation and act to lock in specific gene expression programs
(13, 14). The mean number of miRNAs detected in each pop-
ulation was 96 and varied between 49 and 148 (Fig. 2B). Ter-
minally differentiated thymocytes exhibited the lowest number of
detected miRNAs (49 miRNAs in CD4+CD8+ thymocytes and
61 miRNAs in CD4−CD8− thymocytes). This finding was com-
parable with the results obtained for primitive cells (69 miRNAs
in EPCR+150+CD48− and 49 miRNAs in EPCR+150−CD48−)
and Mac1+ cells (54 miRNAs). By comparison, a more diverse
range of miRNAs was identified in monocytes (148), peripheral
macrophages (145), and common myeloid progenitor cells (136).
To further explore the relation of differentiated state and the

pattern of miRNA expression, we constructed a hierarchical tree
based on the similarity ofmiRNA expression profiles (Fig. 2B). The
27 purified cell types in this study were found to group into six main

branches: stem cells and multipotent progenitors, lymphoid cells,
and four distinct branches ofmyeloid cells. Analysis of themiRNAs
that were differentially expressed in the members of these six
branches revealed further patterns that appeared to be differenti-
ation-associated (Fig. 3). The 10 miRNAs that showed the greatest
differential expression in a pairwise comparison of the six branches
of cells are presented inDataset S4. SeveralmiRNAswere found to
be generally up-regulated in stem cell and progenitor populations
relative to more differentiated cell types. These miRNAs included
miR-125b, miR-196a, miR-196b, miR-130a, let-7d, miR-148b, and
miR-351 (Fig. 3A).Most specific to these cells wasmiR-125b, which
was detected in two of three stem cell populations, all progenitors,
and only two other cell types including peripheral macrophages
andmonocytes. ExpressionofmiRNA-125bwas also enriched in the
branch containing monocytes, macrophages, and neutrophils, a pat-
tern that was shared by several other miRNAs, including miR-126*,

Fig. 1. Single-cell sensitivity and variation. (A) Technical variation in qPCR of
single-cell lysates. Real-time fluorescent curves show reproducibility of qPCR
detection of miR-19b from three single ND13 cells using the 12× multiplexing
protocol. Five technical replicates from each cell are shown. (B) Cell lysate di-
lution series. Dilution series of whole RNA from ND13 cells were assayed for
miR-19b by using the 12× multiplexing protocol showing sensitivity down to
0.1 pg (≈1/100 single cell equivalent). Blue and red points indicate duplicate
measurements from 2 ND13 samples. (C) Single-cell measurements of six
miRNAs from seven different ND13 cells using the 12× multiplexing protocol
along with cell lysates at 10× and 100× single-cell equivalents. Error bars rep-
resent the SD of five replicates.
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miR-148b, miR-15a, miR-203, miR-23a, miR-23b, miR-29c, miR-
351, miR-361, miR-424, miR-99b (Fig. 3B, group 1). Examples of
down-regulated miRNAs in stem cell and progenitor populations
include miR-140, miR-200c, miR-484, miR-331, and miR-324–5p
(Fig. 3B, group 2).Notably,miR-29awas found to be up-regulated in
highly enriched HSC populations ES 150− and ES 150+ relative to
SLAM populations or other progenitors (15). No miRNAs were
expressed in all differentiated cells but not stem cells and progeni-
tors. However, several miRNAs observed to be down-regulated in
primitive cells, including miR-484, miR-200c, miR-331, miR-320,
miR-210,miR-324–5p,miR-212, andmiR-690, are expressedwidely
across differentiated cell types and may be candidates for differen-
tiation-specific markers.

Wealso identifiedgroups ofmiRNAswhose expression patterns
were similar in many different cell populations. For example, we
foundmiR-130a,miR-196a, andmiR-196b to be expressed in stem
cell and progenitor populations and then down-regulated upon
commitment to the lymphoid lineages (Fig. 3B, group 3) (16). All
three of these miRNAs were also found in megakaryocyte and
erythroblast populations.OthermiRNAs thatwere strongly down-
regulated in lymphoid lineages included let-7, let-7d, miR-126,
miR-148b, miR-351, and miR-10a (Fig. 3B, group 4).
A comparison of all myeloid cell populations with all lymphoid

cell populations revealed three miRNAs that are strongly up-
regulated in myeloid cells. These miRNAs include miR-25, miR-
221, and miR-223 (2, 17) (Fig. 3B, group 5). Other patterns of
miRNA expression were revealed when selected myeloid pop-
ulations were compared. For example, miR-20b is expressed in all
progenitors, nearly all lymphoid cells, and in monocytes and
granulocytes, but was not detected in stem cell populations, ter-
minal erythroid cells, granulocyte precursors, or histamine-
secreting cells. As another example, miR-148a was found to be
highly expressed in all terminally differentiated granulocytes, mac-
rophages, and monocytes, and in all progenitor cells, NK progeni-
tors, and erythroblasts (Fig. 3B).
To identifymiRNAspecies thatmight be involved in early stages

of hematopoietic cell differentiation, we compared profiles ob-
tained for stem cell and different progenitor populations. CMPs
andCLPs are thought to represent the stage at which restriction to
either the myeloid or lymphoid lineages has just occurred. In-
terestingly, several miRNAs were found to be up-regulated in
these cells by comparison with more primitive cell types. These
miRNAs include miR-15a, miR-18a, miR-186, miR-25, miR-350,
and miR-424. In addition, miR-677 was detected repeatedly in
CLPs only (in 2/4 samples) and in CMPs only (in 3/5 samples) and
may be specific for these progenitors. The most differentially
expressed miRNAs between the CMPs and CLPs include miR-
130a (2.4-fold, P=0.001), miR-31 (6.2-fold, P=0.003), andmiR-
203 (6.4-fold, P = 0.01), which are up-regulated in CMPs and
miR-126 (−2.8-fold, P = 0.01), miR-126* (−7.7-fold, P = 0.005),
and miR-23a (−7.4-fold, P = 0.002), which are up-regulated in
CLPs (Fig. 3C). miR-203 was further found to be down-regulated
(7.0-fold,P=10−5) upondifferentiation ofCMPs into either of the
next level of multipotent progenitors, i.e., GMPs and MEPs.
Within these cell populations, miR-181a (6.7-fold, P = 0.005),
miR-223 (9.1-fold,P=0.0001),miR-27a (5.4-fold,P=0.016), and
miR-339 (6.4-fold, P = 0.004) were found to be expressed at
a higher level inGMPs relative toMEPs, with the opposite pattern
for miR-31 (−5.5 fold, P = 0.019).
Comparison of miRNA signatures from four stages of ery-

throid cell development provides a snapshot of miRNA regulation
through sequential stepsofdifferentiationalonga single lineage (Fig.
4). Erythroblasts, the first erythroid-restricted population studied,
group most closely with megakaryocytes and exhibit a distinct
miRNAsignature fromthe threemoremature erythroidpopulations
tested (EbPol, EbBas, OrtER). Through differentiation, the total
number of detected miRNAs in erythroid cells gradually decreases
from 106 in erythroblasts to 76 in the population of orthochromatic
erythroblasts and reticulocytes (OrtER). However, this trend was
paralleled by a marked increase in the level of expression of several
other miRNAs (miR-151, miR-152, miR-184, miR-187, miR-212,
miR-30a-3p, miR-30e-5p, miR-451). In particular, we found miR-
451 expression, previously reported to increase during red cell mat-
uration (14), to increase specifically in the latest stage of erythroid
cellmaturation andwasnot detected inanyother populations tested.
These studies also showed that several miRNAs are progressively
down-regulated during erythroid cell differentiation and are lost in
the terminal OrtER population. These miRNAs include miR-126,
miR-29a, and miR-696. Interestingly, these trends of increased
and decreased miRNA expression can be extended into the MEP
population (miR-126, miR-152, miR-184, miR-187, miR-29a, miR-
30a-3p, and miR-451; Fig. 4). Further, these miRNAs were also
expressed in megakaryocytes at similar levels to erythroblasts.

Fig. 2. miRNA profiling of the hematopoietic hierarchy. (A) Hierarchical lin-
eage relation of analyzed populations. The relation of 27 purified sub-
populations representing all hematopoietic lineages is shown. These cell types
include 12 myeloid populations (red), 7 lymphoid populations (green), and 8
progenitor and stem cell populations (blue). (B) Phylogenetic tree recon-
structed frommiRNA expression data. The grouping of cell populations based
onmiRNAexpression profiling reveals a clear separationofmyeloid, lymphoid,
and stem cell/progenitor populations with four distinct subgroups present in
the myeloid branch. Circles indicate the number of miRNA species detected in
each population. Bootstrap values are indicated next to branch nodes.
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Single-Cell Analyses.Although most populations in our study were
at least 90% pure as determined by repeat phenotype analysis,
some are known to comprise functionally distinct subtypes. It
was therefore of interest to examine the extent of variability in
miRNA expression by single-cell analyses. To investigate this
issue, we tested single cells from three populations that repre-
sented cells that were expected to show a high degree of func-
tional homogeneity, a high degree of functional diversity, and highly
enriched populations of stem cells where some functional diversity
has been reported (18, 19). GMPs (Lin−c-Kit+Sca1−CD34+FcγRhi

cells) were chosen as the candidate homogeneous cell type (20) to
enable a measure of the inherent variability of miRNA expression
between functionally similar cells. CD45+CD48+ cells were chosen
as the candidate functionally diverse population since they include
almost all hematopoietic populations except for stem cells (21) and,
hence, provide a positive control for miRNA diversity between in-
dividual cells. Two related stem cell populations were then also
tested at the single-cell level. This population contains ≈40% of
durable self-renewing stem cells (CD45+EPCR+CD150+CD48− or
ES 150+), and a population inwhich≈30%of the cells arefinite self-
renewing stem cells (CD45+EPCR+CD150−CD48− or ES 150−)
(18, 19). In each case, we measured the expression of six highly
expressed miRNAs (miR-720, miR-484, miR-223, miR-92, miR-24,
and miR-19) and two snoRNAs (snoRNA-251, snoRNA-202) in 20
single cells from each group.
The results are shown in Fig. 5. As expected, CD45+CD48+ cells

exhibited the largest degree of variability with miRNA expression

differences of >100-fold between individual cells. Despite the
small number of cells there appears to be at least three main
subpopulations with highly similar expression profiles. miR-223
exhibits the highest degree of variability in the CD45+CD48+

population, consistent with its role in myeloid lineage differentia-
tion and its expected presence in granulocytes and their precursors
(17). snoRNA-251 and snoRNA-202 expression varied by ≈4-fold
across the population (Fig. 5). The variability observed within the
GMPs was much less, with not more than a 2-fold variation in the
level of any miRNA among all 20 cells tested and no evidence of
any subpopulations within the GMP sample. The variability in
snoRNA-251 and snoRNA-202 expression is also well below that
observed in the CD45+/CD48+ sample. The ES150+ and ES150−

populations exhibited similar levels of heterogeneity that were
intermediate to that seen in the GMP and CD45+CD48+ pop-
ulations. Both stem cell populations contain obvious outliers that
exhibit general up-regulation of miRNA expression. In particular,
miR-720, a miRNA that we found to be expressed broadly across
the hematopoietic hierarchy, is up-regulated by >50-fold in a mi-
nority of these cells.

Discussion
Our data reveals several general features of miRNA regulation
during the process of hematopoietic differentiation. First, anal-
ysis of globally profiled miRNAs allowed for the reconstruction
of the accepted hierarchical relationships between different phe-
notypically defined hematopoietic populations previously ar-

Fig. 3. miRNAexpression in different hematopoietic lineages. (A)Most differentially expressedmiRNAs between the six branches of cell types identified in Fig. 2B.
(B) Examples of observed miRNA expression patterns across various hematopoietic populations. (C) Differential expression of miRNAs between early progenitor
populations. Upregulated miRNAs are listed adjacent to the arrows indicating the pair-wise comparison of cell populations.
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ranged according to their proliferative and differentiation func-
tional properties. Second, analysis of their miRNA expression
patterns showed that cell populations group by differentiation

state with progenitor and stem cell populations closely related
and a dramatic reprogramming upon commitment to a single lin-
eage. Finally, our single-cell measurements reflect the known
functional heterogeneity of the various purified populations ex-
amined and show that miRNA expression levels are very tightly
regulated within functionally homogeneous cells.
Although it has been shown that miRNA profiles provide a sig-

nature of cellular state (22, 23), this property has not been dem-
onstrated for a large number of primary and hierarchically related
cell types. Comparison of 27 cell populations within a single uni-
fied data set reveals that miRNA patterns reflect both cell differ-
entiation state and lineage potential. Terminally differentiated
cell types generally exhibited miRNA expression patterns with
high similarity between populations related in function and line-
age. For instance, all lymphoid cell types form a single branch with
CD4+ and CD8+ populations clustering closely with B cells, nat-
ural killer cells, andnatural killer cell progenitors. This grouping of
functionally related cells is also apparent within the myeloid
population. However, these cells were more diverse in miRNA
expression, possibly reflecting a greater functional diversity. The
three most differentiated erythroid populations formed a single
cluster. Mast cells and basophils, both of which are responsible for
the secretion of histamine, group together with complex pop-
ulations of Mac1+Gr1− and Mac1+Gr1+ cells. Cells associated
with phagocytosis and innate immunity, including neutrophils,
peripheral macrophages, and monocytes form a third group. Al-
though mast cells and basophils are most closely associated with
each other, their relatively low similarity, as measured by actual
distance between populations on a phylogenetic tree, supports the
long debated distinction between these populations (24). The di-
vision of neutrophilic and basophilic granulocytes is unexpected

Fig. 4. miRNA expression during erythroid differentiation. Several miRNAs
are progressively up- or down-regulated during differentiation from eryth-
roblasts to terminal erythrocytes. Megakaryocytes exhibit a similar expres-
sion pattern to erythroblasts.

Fig. 5. Variation of miRNA expression in single cells. Expression levels of 6 miRNAs and 2 sno-RNAs in 20 single cells are plotted for four sorted populations
including GMPs—a population of functionally homogeneous cells; CD45+CD48+—cells that include many cell types; CD45+EPCR+CD150+CD48− cells (ES150+)—
a population of stem cells of which a high proportion show durable self-renewal abilities; and CD45+EPCR+CD150−CD48− (ES150−) cells—a population of stem
cells of which a high proportion show finite self-renewal abilities. All data are plotted as a log-fold ratio to the average of the population. Two NTC samples
are shown on the right side of each graph.
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on the basis of their lineage relationship but possibly reflects their
distinct roles in immune responses.
The dramatic remodeling of miRNA expression upon com-

mitment to a specific lineage suggests that there is a stem cell
signature of miRNA expression, as has been shown for mRNA
expression (25–27). Comparison of populations that have varying
purity of HSCs (45% in ES 150+, 35% in ES 150−, 30% in
SLAM, 2% in LSK, <<2% in CMP/CLP/GMP/MEP) reveals
a trend in which fewer miRNA are detected in the most enriched
populations (Fig. 2). However, this trend may be in part due to
increased purity of these populations or lower cell numbers for
the most highly enriched samples. Similar trends are not ob-
served in more differentiated cell types and, thus, we do not find
clear evidence of a progressively increasing number of miRNA spe-
cies expressed through differentiation.
The large divergence of miRNA expression patterns between

stem cell/progenitor populations and all terminally differentiated
cell types is difficult to reconcile with a single-step differentiation
process.miRNAs are thought to have increased stability relative to
mRNA, which would imply that their expression profiles may be
more stable than transcriptional signatures. Thus, there likely exist
many intermediate cellular states that have not been captured in
this analysis. This feature reflects the different resolution of sort-
ing strategies and the disproportionate amount of effort invested
on the refinement of purification strategies for isolating progenitor
and stem cell populations. Evidence of such transitions is found in
erythroid differentiation (Fig. 4) and in the observation that sev-
eral miRNAs found in stem cell and progenitor populations also
persist in NK progenitors, at attenuated levels, but are not de-
tected in any differentiated lymphoid populations. Time course
studies of miRNA expression from in vitro differentiation assays,
ideally with single-cell resolution, may allow for direct measure-
ment of these transitions. New purification strategies would be
needed to identify such transient populations in vivo.
Analysis of miRNA across 27 populations did not reveal any

miRNA species that are specific to a single cell type. Instead, we
find that many miRNAs display bi- and sometimes trimodal ex-
pression patterns that reflect their membership in larger catego-
ries. For example, several miRNA species, including miR-130a,
miR-196b, let-7d, and miR-125b, are generally up-regulated in

stem cell and progenitor populations, are not detected in any lym-
phoid cells, and are present in only a subset of myeloid cells. This
result suggests that miRNA orchestrate hematopoiesis by modu-
lating multiple signaling pathways that may be context-specific to
that cell type. Thismultifunctional role has been best described for
miR-155 in myeloid and lymphoid cells (28). Understanding the
role of miRNA expression in differentiation will therefore require
systems-level analysis rather than reductionist approaches to
identify single driving miRNA species.
Our comparisons of sorted populations represent ensemble

averages of thousands of single cells. The varying degree of het-
erogeneity of each purified cell population must therefore be
considered when interpreting relative miRNA expression levels.
Here, we have shown that single-cell measurements of purified cell
populations reflect the functional heterogeneity of these pop-
ulations. Notably, single-cell measurements of six highly expressed
miRNA in GMPs, which are thought to be highly homogeneous,
reveal remarkably low variability (<2-fold and consistent with the
estimated technical variation of the method), suggesting miRNA
levels are very tightly regulated within biologically homogeneous
cell populations. This behavior may be contrasted to mRNA ex-
pression levels, which are subject to transcriptional bursts and
large stochastic fluctuations (29). The tighter regulation ofmiRNA
is understandable given their global role in posttranscriptional
regulation, increased stability relative to mRNA, and high copy
numbers. Single-cell miRNA profiling of sorted populations may
therefore prove to be a novel and powerful approach for evaluating
the purity of populations and for identifying new subclasses of cells
that are not resolved by known surface markers, including cells
present in malignant populations or other disease states.

Materials and Methods
Detailed protocols for FACS purification of cell populations, miRNA detection,
and single-cell measurements are provided as SI Materials and Methods.
Details of bioinformatics analysis and statistical testing are also provided as
SI Materials and Methods.
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