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Emerging evidence suggests that microRNAs (miRNAs), an abundant class of ~22-nucleotide small regulatory RNAs, play
key roles in controlling the post-transcriptional genetic programs in stem and progenitor cells. Here we systematically
examined miRNA expression profiles in various adult tissue-specific stem cells and their differentiated counterparts. These
analyses revealed miRNA programs that are common or unique to blood, muscle, and neural stem cell populations and
miRNA signatures that mark the transitions from self-renewing and quiescent stem cells to proliferative and differenti-
ating progenitor cells. Moreover, we identified a stem/progenitor transition miRNA (SPT-miRNA) signature that predicts
the effects of genetic perturbations, such as loss of PTEN and the Rb family, AMLI-ETO%a expression, and MLL-AFIO
transformation, on self-renewal and proliferation potentials of mutant stem/progenitor cells. We showed that some of the
SPT-miRNAs control the self-renewal of embryonic stem cells and the reconstitution potential of hematopoietic stem cells
(HSCs). Finally, we demonstrated that SPT-miRNAs coordinately regulate genes that are known to play roles in controlling
HSC self-renewal, such as Hoxbé and Hoxa4. Together, these analyses reveal the miRNA programs that may control key
processes in normal and aberrant stem and progenitor cells, setting the foundations for dissecting post-transcriptional
regulatory networks in stem cells.

[Supplemental material is available for this article. The microRNA expression data from this study have been submitted to

the NCBI Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo/) under accession no. GSE28036.]

Stem cells (SCs) have the ability to self-renew and to give rise to
committed progenitors of a single lineage or of multiple lineages.
Elucidating the genetic circuits that govern SCs to self-renew and
to differentiate is essential to understanding the roles of SCs in
animal development and to realizing the promise of these cells in
regenerative medicine. Extensive efforts have been made to de-
termine these regulatory circuits through profiling of messenger
RNA (mRNA) expression in various SCs and their corresponding
differentiated progenitors; these studies have yielded critical in-
formation on the key regulatory and surface molecules in SCs
(Chen et al. 2002, 2003; Ivanova et al. 2002; Ramalho-Santos et al.
2002; Akashi et al. 2003; Chambers et al. 2007). However, since
mRNA profiles largely reflect the consequences of transcriptional
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regulation, these studies do not take into account the extensive
post-transcriptional programs that control SC functions, particu-
larly the ones controlled by an abundant class of noncoding RNAs,
the microRNAs (miRNAs).

miRNAs are ~22-nucleotide (nt) regulatory RNAs that repress
translation and/or initiate transcript degradation via imperfect
base pairing with cognate target mRNAs (Bartel 2009). miRNA-
coding genes represent ~1%-5% of the predicted genes in worms,
flies, mice, and humans. Each miRNA can potentially regulate
several hundred target genes (Bartel 2009; Friedman et al. 2009).
Thus, miRNA-mediated gene regulation may have profound effects
on gene expression and constitutes a fundamental layer of post-
transcriptional regulation in animals. Abundant evidence dem-
onstrates that these small noncoding RNAs play diverse roles in
normal development and in the pathogenesis of human diseases
by controlling cellular processes such as proliferation, morpho-
genesis, apoptosis, and differentiation. Specific miRNAs (e.g., let-7b)
and post-transcriptional regulators that control miRNA activities
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(e.g., TRIM-NHL proteins like mouse TRIM32 and fly Brat
and Mei-P26) regulate the self-renewal of tissue-specific SCs
(TSCs) (Neumuller et al. 2008; Hammell et al. 2009; Schwamborn
et al. 2009). Loss of DICER1 or Drosha (also known as RNASEN),
enzymes essential for miRNA biogenesis, affects the proliferation of
mouse embryonic stem (ES) cells and fly germline SCs (Wang et al.
2007; Yu et al. 2009). These results strongly indicate that miRNA-
mediated post-transcriptional programs are integral components of
the genetic circuits that govern SC functions. However, few studies
have been carried out to compare miRNA profiles in multiple adult
TSCs and their differentiated progenies.

In this study we systematically analyzed miRNA expression in
normal and aberrant adult TSCs and their differentiated progeny.
We identified miRNAs unique to various adult TSCs and those
shared by multiple TSCs. Furthermore, we uncovered miRNA
programs that mark the transition from self-renewing and slow-
cycling SCs to differentiating and rapidly proliferating transit
amplifying cells in muscle and blood, and a miRNA program that
predicts the effects of genetic mutations on SC self-renewal and
differentiation. Finally, we provide functional evidence on the
roles of stem/progenitor transition miRNAs in SCs. Together, these
results set the foundations for dissecting miRNA networks in SCs.

Table 1.

TSCs and more committed progenitors from normal, mutant, and leukemic mice used for miRNA profiling analyses

Tissue

Sample name (abbreviation)

Properties

Isolation

Reference

Hematopoietic

LT-HSCs

Quiescent, self-renewing SCs

Endoglin*Rho'*¥Sca-1*Lin~
bone marrow cells

Chen et al. (2003)

Hematopoietic stem/
progenitor cells (KSL)

Enriched for proliferative, non-self-
renewing short-term HSCs and
committed multipotent progenitors

Kit*Sca-1*Lin~ bone marrow cells

Viatour (et al. 2008)

Splenic hematopoietic stem/
progenitor cells (KSL-Sp)

HSPCs localized in the spleen

Kit*Sca-1*Lin~ cells from spleen
from poly:IC-treated PTEN
control mice

Zhang et al. (2006)

MuSCs

Quiescent, self-renewing MuSCs

CD45°CD11b"CD31 Scal
~CD34%integrin-7* from
the tibialis anterior muscles

Sacco et al. (2008)

Muscle
Myoblasts (Myo) Proliferating, committed muscle Isolated from forelimb and Rando and Blau
progenitor cells hindlimb muscle mass (1994)
Adult NSPCs (NSPC-Adult) Multipotent adult NSPCs Primary neurospheres derived Renault et al. (2009)
from cells of the SVZ and DG
regions of adult mice
Primary isolation of NSPCs Multipotent NSPCs from PO Primary isolation of NSPCs Renault et al. (2009)
Neural from post-natal day neonatal mice from the SVZ and DG regions

0 mice (NSPC-PO)

of post-natal day 0 mice

Expanded NSPC-PO cells
(NSPC-PO-Exp)

Multipotent NSPCs from PO
neonatal mice

Primary neurospheres derived
from culture and expansion
of NSPC-PO cells

Renault et al. (2009)

Mutant HSCs

PTEN~/~ hematopoietic
stem/progenitor cells
(KSL-PTEN)

HSPCs with increased mobilization
to spleen and proliferation but
decreased self-renewal capacity

Kit*Sca-1*Lin~ cells from
the spleens of PTEN™/~ mice

Zhang et al. (2006)

Rb family triple KO
hematopoietic
stem/progenitor cells
(KSL-RbTKO)

HSPCs with increased mobilization
to spleen, enhanced cell cycle
entry, and defects in reconstitution
potential but capable of in
vitro self-renewal

Kit*Sca-1*Lin~ bone marrow
cells of Rb family triple
knockout mice

Viatour et al. (2008)

Leukemic

AML1-ETO9a hematopoietic
stem/progenitor cells

Enhanced self-renewal and
expansion in LT-HSCs due to

Kit*Sca-1*Lin~ bone marrow
cells of AMLT-ETO9a

Yan et al. (2006)

(KSL-ETO) differentiation blocks transgenic mice
MLL-AF10* Kit* LSCs Self-renewing LSCs MLL-AF10* Kit* LSCs from mice Somervaille
(MLL-LSCs) transduced with MLL-AF10 et al. (2009)
oncogene
Progenies of MLL-LSCs LSC-depleted, non-self-renewing MLL-AF10* Kit™ leukemia cells Somervaille
(MLL-Prog) fraction derived from MLL-LSCs et al. (2009)

SC indicates stem cells; HSCs, hematopoetic SCs; LT-HSCs, long-term HSCs; HSPCs, hematopoietic stem/progenitor cells; MuSCs, muscle SCs; NSPCs,
neural stem/progenitor cells; and LSCs, leukemic SCs.
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Results

miRNA expression profiles in adult tissue stem
and progenitor cells

To dissect miRNA programs in stem/progenitor cells, we carried out
global analyses of miRNA expression in various TSCs and their
corresponding differentiated progenitors from normal and mutant
mice (See Table 1 for sample list and abbreviated sample names).
We analyzed miRNA expression in SCs of the blood, skeletal mus-
cle, and neural systems: long-term hematopoietic SCs (LT-HSCs),
skeletal muscle SCs (MuSCs), and neural stem/progenitor cells
(NSPCs), respectively (Chen et al. 2003; Sacco et al. 2008; Renault
et al. 2009). Such analyses allowed us to determine both shared
and unique miRNA programs in TSCs. Further, we profiled
miRNA expression in the differentiating progenitors of the blood
and muscle SCs: Kit*/Sca-1*/Lin" (KSLs) bone marrow cells, and
myoblasts. By comparing miRNA profiles in SCs and their im-
mediate progeny, we identified the miRNA programs that mark the
critical transition from SCs to differentiating progenitors. Finally,
we examined how miRNA expression was altered by various ge-
netic perturbations, including loss of PTEN or Rb family genes
in HSCs, ectopic expression of AML1-ETO9a in HSCs, and the
MLL-AF10 transformation (de Guzman et al. 2002; Yan et al. 2006;
Zhang et al. 2006; Viatour et al. 2008; Somervaille et al. 2009).
These mutations affect the self-renewal, differentiation, and on-
cogenic potential of stem and/or progenitor cells. Such analyses
may reveal miRNA programs that control the self-renewal and
differentiation of stem/progenitor cells.

We used a multiplex protocol to amplify miRNAs from 20-1000
sorted stem and/or progenitor cells and then analyzed the expression
of 425 mature miRNAs using TagMan miRNA quantitative PCR
(qPCR) analyses (Chen et al. 2005, 2007). This method is specific and
has been extensively utilized in quantifying miRNA expression in
various cell types. Moreover, the combination of pre-amplification
and multiplex qPCR increases the sensitivity of miRNA detection to
a single cell level without noticeable biases (Mestdagh et al. 2008).
Compared to other methods for miRNA expression analyses, such as
miRNA microarray and small RNA deep sequencing, which require
large amounts of starting material, the miRNA qPCR method can be
used to quantify miRNA expression in a single cell or low numbers
of cells. Moreover, deep-sequence methods for analyzing small
RNA abundance have intrinsic limitations, such as ligation biases
and inconsistent levels of contamination with other ribosomal
RNAs or tRNA degradation products. The latter issue complicates
the use of number of tags per million reads as quantitative
readouts. miRNA microarrays seem to have the least sensitivity
and specificity because of the difficulties in design of probes with
similar melting temperatures and specificities for closely related
miRNAs. Most importantly, a recent study established that the
results obtained from miRNA qPCR analyses and deep-sequence
analyses are largely in agreement (Kuchen et al. 2010). Therefore,
multiplex miRNA gqPCR assay is a suitable choice for analyzing
miRNA expression in rare SC samples.

Using this method, we detected a total of 150 miRNAs [critical
threshold (Ct) < 35] in the 13 samples analyzed (Supplemental
Table S1). The number of miRNAs detected in various stem/pro-
genitor cell types varied significantly, ranging from about 50 to 100
(Supplemental Fig. S1), and miRNA expression levels varied con-
siderably in stem/progenitor cell types as indicated by median Ct
values and inter-quartile ranges (IQRs) of detectable miRNAs
(Supplemental Fig. S2A). About 20 LT-HSCs were used in the pro-

filing analyses, and about 1000 MuSCs, KSL-Sps, and KSL-RbTKOs
were used. Thus, the low numbers of miRNAs detected in MuSCs,
LT-HSCs, KSL-Sps, and KSL-RbTKOs were not because of fewer cells
used in profiling analyses. Since we analyzed miRNA expression in
a defined number of cells, it is possible that variations in the
numbers of miRNAs detected will be influenced by the differ-
ences in cell sizes and total RNA content in these cell types, and
therefore miRNA numbers are not directly comparable. Thus, it is
important not to equate the number of miRNAs detected as the
absolute number of miRNAs expressed in those cell types.

We used the median Ct values of expressed miRNAs to nor-
malize the data (Supplemental Fig. S2B; Supplemental Tables S1,
$2). Given that miRNA expression profiles have small data sets with
highly skewed distributions, a median scaling method is an ap-
propriate method for the normalization of the data collected from
SCs and progenitors from different tissues. The most commonly
used normalization methods based on all genes on the array would
be skewed by a highly disproportional representation of small
number of miRNAs. Another alternative, normalization to levels of
snoRNA, is complicated by variation in snoRNA expression across
multiple tissue types. For example, U6 snoRNA varies as much as
6.5-fold across tissues (Castle et al. 2010), suggesting that normal-
ization methods based on levels of housekeeping genes would be
inappropriate.

miRNA expression profiles effectively segregated samples by
tissue of origin, grouping together hematopoietic, muscle, and
neural samples as indicated by principal component analyses
(PCAs) (Fig. 1) and hierarchical clustering (HCL) (Supplemental
Fig. S3). Sample replicates generally clustered together, although
larger variations were observed among the five KSL cell samples
isolated by the different laboratories. Within the hematopoietic
sample cluster, miRNA expression signatures separated mutant stem
and progenitor cell samples from their wild-type counterparts. In-
terestingly, miRNA signatures of KSL-Sp and KSL-RbTKO clustered
closely together, perhaps reflecting the splenic mobilization phe-
notype observed upon loss of the Rb family in HSCs (Viatour et al.
2008). Clearly, miRNA profiles effectively distinguish SCs and pro-
genitors of the different tissue origins, developmental stages, and
genetic modifications. This observation is consistent with previous
studies that have shown that miRNA profiles effectively classify
cancer cell samples (Lu et al. 2005).

Common and TSC-related miRNA signatures

To identify common and TSC-related miRNA signatures, we com-
pared miRNA profiles in adult TSC populations from blood, mus-
cle, and neural tissues (Fig. 2A). We used one-way ANOVA analyses

MuSC
o 200 KSL-RbTKO NSPC-PO-Exp
= LT-HSC
% 100 N
a KSL-PTEN NSPC-PO
£ 0
o
O o -
5 KSL-ETOY \ g
Qo ®
S -1004 NSPC-Adult
= MLL-L!
= sc
200}  S3MLL-Prog MyoblastTg)
200 -100 0 100 200

Principal Component 1

Figure 1. Principal component analyses indicating the relative dis-
tances between the miRNA profiles of various stem and progenitor cell
populations.
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Figure 2. Identification of tissue-specific stem cell-related miRNA signatures. (A) Schematic diagrams
illustrate the comparisons made to reveal the tissue-specific SC-related miRNA signatures: 1, miRNAs
enriched in LT-HSCs (LT-HSC miRNA:s); 1, miRNAs enriched in NSPCs (NSPC miRNAs); Ill, miRNAs
enriched in MuSCs (MuSC miRNAs); and 1V, the common SC miRNA signatures (SC-related miRNAs).
They are depicted as the single-colored regions (I, Il, lll) and a triple-colored region (IV) in the Venn
diagram. (B) Heatmaps depicting common and tissue-specific miRNAs derived from KMC analyses. A
false color scale was used to indicate normalized arbitrary expression intensity (ACt) with “—5" for the
lowest expression, “0” for median expression, and “5” for the highest expression.

and K-means clustering (KMC) to reveal shared and unique TSC-
related miRNA signatures. Three TSC-related miRNA clusters, des-
ignated as TSC-miRNAs, were enriched in one TSC type but were
undetectable or expressed at very low levels in the other two (Fig.
2B). Of these clusters, 15 miRNAs are LT-HSC miRNAs; these were
expressed preferentially in LT-HSCs but were mostly undetectable
in NSPCs and MuSCs (Fig. 2B, cluster I). LT-HSC miRNAs were
further divided into high and low expression groups, consisting of
six and nine miRNAs, respectively. We found eight MuSC-miRNAs
(Fig. 2B, cluster II) and 16 NSPC-miRNAs (Fig. 2B, cluster III). Sig-
nificant nonoverlapping miRNA expression profiles were noted
between NSPC-PO, NSPC-PO-exp, and NSPC-Adult cells (Supple-
mental Fig. S4). miRNA profiles from adult NSPCs were used in
comparative analyses. The TSC-miRNAs may play roles in regu-
lating unique functions of TSCs, such as lineage-specific functions,
developmental potentials, and commitment events.

Finally, we identified 18 common SC-related miRNAs that
were highly expressed in all three of the TSC types (Fig. 2B, cluster
1V, twofold above median expression for at least two TSC types). It
is important to note that the above definition for TSC-miRNAs and
common SC-miRNAs did not require that these signature miRNAs
be absent in the differentiated cell types. It is likely that TSC-
miRNAs and common SC-miRNAs carry out critical functions in
SCs despite their presence in more differentiated cell types. We only
identified one LT-HSC-specific miRNA (miR-192), one MuSC-spe-
cific miRNA (miR-379), and one NSPC-specific miRNA (miR-135b)
absent from all other cell types analyzed in this study (Supple-
mental Fig. S5).

miRNAs differentially expressed in hematopoietic stem
and progenitor cells

To identify miRNAs that control HSC self-renewal and differenti-
ation, we compared miRNA profiles of LT-HSCs and KSL cells. As

isolated, KSL cells consist of 5%-10%
LT-HSCs and 90%-95% short-term HSCs
(ST-HSCs) and multi-potent progenitors
(MPPs). Comparison of miRNA expres-
sion profiles in LT-HSCs and KSL cells
revealed miRNAs that were turned “on”
or “off” or were quantitatively regulated
during this transition. We found that five
miRNAs (miR-212, miR-192, miR-375,
miR-30e-3p, and miR-188) were expressed
in LT-HSCs but not in KSL cells (Fig. 3A,
cluster I). In contrast, 16 miRNAs were
absent in LT-HSCs but turned on in KSL
cells (Fig. 3A, cluster II). Moreover, in-
cluding those miRNAs that exhibited bi-
nary expression patterns in LT-HSCs and
KSL cells, a total of nine miRNAs were
down-regulated and 62 miRNAs were up-
regulated (based on statistical analysis of
microarrays [SAM], with false discovery
rate [FDR] < 0.001) during the LT-HSC to
KSL transition (Fig. 3B; Supplemental
Table S3). Some of these miRNAs may
regulate expression of genes involved in
the transition from multipotent, quies-
cent, and self-renewing LT-HSCs to the
differentiating, highly proliferative, non—
self-renewing ST-HSCs and committed
multipotent progenitors (KSL cells). Intriguingly, miRNAs target-
ing Hox genes (Yekta et al. 2004; Shen et al. 2008; Woltering and
Durston 2008), such as miR-126, miR-196b, miR-196a, and miR-
10a (Fig. 3A, cluster II), were nearly undetectable in LT-HSCs but
were highly expressed in KSL cells, suggesting that silencing Hox
gene expression by these miRNAs may play key roles during this
transition.

miRNAs differentially expressed in muscle stem
and progenitor cells

To identify miRNAs that may control MuSC self-renewal and dif-
ferentiation, we compared the miRNA profiles of MuSCs and myo-
blasts. A number of miRNAs were highly differentially regulated
during the transition from quiescent and self-renewing MuSCs
to differentiating and proliferative myoblasts (Fig. 3C). Five
miRNAs (miR-379, miR-134, miR-127, miR-203, and miR-375) were
expressed in MuSCs but not myoblasts (Fig. 3C, cluster I), and 20
miRNAs were turned on in myoblasts (Fig. 3C, cluster II). Including
those miRNAs that exhibit binary expression patterns in MuSCs and
myoblasts, a total of 24 miRNAs were down-regulated and 53 miRNAs
were up-regulated during the MuSC to myoblast transition (Fig.
3D; Supplemental Table S3). miR-379 seems to be the only MuSC-
specific miRNA based on comparison with miRNA profiles of other
stem/progenitor cell types (Supplemental Fig. S5).

Among these differentially regulated miRNAs, miR-181b has
been shown to target Hoxall during myoblast differentiation
(Naguibneva et al. 2006). Many of the miRNAs highly up-regulated
(greater than eightfold) during the stem to progenitor transition
in muscle and blood lineages are shared (Fig. 3), suggesting that
a common set of miRNAs may be induced to facilitate early
SC commitment and differentiation. In contrast, many miRNAs
that are down-regulated during the stem to progenitor transi-
tion in muscle and blood lineages are not shared. For example,
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Figure 3. miRNAs differentially expressed in LT-HSCs and KSL cells and in MuSCs and myoblasts. (A)
Schematic diagram depicting the comparisons made to reveal miRNAs that are expressed in LT-HSCs
only (1), expressed in KSL cells only (11), or highly expressed in both (lll). SAM analyses were carried out to
identify miRNAs that were significantly different or unchanged between LT-HSCs and KSL cells (FDR <
0.001), which were then further classified by KMC analyses as depicted in heatmaps. A false color scale
was used to indicate the normalized arbitrary expression intensity (ACt). (B) Fold changes in the top 69
miRNAs that differed significantly between LT-HSCs and KSL cells (SAM, FDR < 0.001) are shown (Log;
Fold [LT-HSC/KSL]). (C) Schematic diagram depicting the comparisons made to reveal miRNAs that are
expressed in MuSCs only (I), expressed in myoblasts only (ll), or highly expressed in both (lll). SAM
analyses were carried out to identify miRNAs that were significantly different or unchanged between
MuSCs and myobilasts (FDR < 0.001), which were then further classified by KMC analyses as depicted in
heatmaps. A false color scale was used to indicate the normalized arbitrary expression intensity (ACt).
(D) Fold changes in the top 69 miRNAs that differed significantly between MuSCs and myoblasts (SAM,
FDR < 0.001) are shown (Log; Fold[MuSC/myoblasts]). Selected miRNAs or groups of miRNA are color-
coded. The miR-181 family miRNA consists of miR-181a, miR-181b, miR-181c, and miR-181d. The miR-
17-92 family miRNA clusters consist of miR-17-92, miR-106b-25, and miR-106a-363. The let-7 family
consists of let-7a-i.

transitions may reveal conserved miRNA
programs that control these transitions.
To this end, we carried out multi-factorial
analyses using a bootstrap-based, non-
parametric ANOVA (NANOVA) method,
and we used a gene classification algo-
rithm to identify miRNA signatures that
underlie these critical transitions (Fig. 4A;
Supplemental Table S4; Zhou and Wong
2011). We identified a group of miRNAs
that are discordantly regulated dur-
ing the stem to progenitor transition in
blood and muscle tissues (Fig. 4B). These
miRNAs are likely to contribute to tissue-
specific and/or cell type-specific regula-
tory functions, such as the commitment
and/or differentiation to blood and mus-
cle cell types. We also found a group of
miRNAs that are concordantly regulated
(Fig. 4C-E). These miRNAs are likely to
control common stem/progenitor cell
programs initiated during the transition
from LT-HSCs to KSL cells and MuSCs to
myoblasts, such as the regulation of self-
renewal and proliferation.

Among the concordantly regulated
miRNAs, some are preferentially altered
in muscle development (Fig. 4C), whereas
some others are changed in blood de-
velopment (Fig. 4D). For instance, miR-31
was up-regulated about 17-fold in hema-
topoietic progenitors versus about 4000-
fold in the muscle progenitors (Fig. 4C),
and miR-196a and miR-196b were up-
regulated over 250-fold during blood
SC differentiation versus approximately
tivefold during MuSC differentiation (Fig.
4D). These differences during the parallel
transitions may reflect tissue-specific reg-
ulation. Of interest are those miRNAs that
are identically modulated during the
stem to progenitor transition in both
tissues since these may function in con-
served SC regulatory programs (Fig. 4E).
Among these (Supplemental Table S4), 15
miRNAs were down-regulated concor-
dantly during stem to progenitor transi-
tion, and 23 miRNAs were up-regulated

miR-204, which is the most highly down-regulated miRNA during
the MuSC to myoblast transition, was not detected in LT-HSCs. Such
differences may reflect distinctions in lineage origins and potential
and unique miRNA functions in muscle and blood SCs.

Coordinated regulation of miRNA programs during stem
to progenitor transition

Many key molecular and developmental events, including loss of
quiescence and self-renewal potential, increases in proliferation
rate, and initiation of commitment programs and differentiation,
commence during the transitions from LT-HSCs to KSL cells and
from MuSCs to myoblasts. Comparing the changes in miRNA
profiles during the LT-HSC to KSL and the MuSC to myoblast

concordantly during stem to progenitor transition. These 15
miRNAs may contribute to the self-renewal and quiescence prop-
erties of SCs by suppressing the differentiation and fast pro-
liferation programs; down-regulation of these miRNAs during
stem to progenitor transition may permit activation of these
programs. In contrast, up-regulation of these 23 miRNAs during
stem to progenitor transition may inactivate the self-renewal and
quiescence programs in SCs and allow for differentiation and
rapid proliferation.

Altered miRNA programs in mutant stem and progenitor cells

To further narrow down the miRNAs that may play critical roles in
SCs, we examined the changes in miRNA expression caused by
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Figure 4. miRNA programs underlie the stem to progenitor transition. Multi-factorial analyses revealed various miRNA programs that control the
transitions from blood and muscle stem cells (LT-HSCs and MuSCs) to the corresponding immediate differentiating progenies (KSL cells and myoblasts,
respectively). (A) The comparisons performed in multi-factorial analyses to yield functional miRNA groups identified. (B) miRNAs discordantly regulated
during stem to progenitor transition in blood and muscle. (C,D) miRNAs concordantly regulated during stem to progenitor transition but more drastically
regulated in either muscle (C) or blood (D). (E) miRNAs concordantly regulated during stem to progenitor transition in blood and muscle.

genetic mutations that affect the self-renewal and differentiation
potentials of stem and progenitor cells (Table 1). Specifically, we
examined miRNA expression profiles in KSL cells with the fol-
lowing genetic modifications: (1) ectopic expression of AMLI1-
ETO9a, which expands HSC compartment and causes acute mye-
loid leukemia (de Guzman et al. 2002; Yan et al. 2006); (2) loss of Rb
family genes, which results in an increase in HSC proliferation and
mobilization without comprising self-renewal programs (Viatour
et al. 2008); and (3) loss of PTEN, which causes an increase in HSC
proliferation and concomitant decrease of self-renewal (Zhang
et al. 2006). We also examined miRNA expression in leukemia SCs
induced by the MLL-AF10 transformation, which enables self-re-
newal of differentiated progenitor cells (Somervaille et al. 2009).
Comparing miRNA profiles of the mutant and the relevant wild-
type stem/progenitor cells revealed miRNAs that potentially
function during SC self-renewal and differentiation (Fig. 5; Sup-
plemental Table S3).

These genetic modifications resulted in global changes in
miRNA expression (Fig. SA-D). Relative to the wild-type KSL cells,
expression of AML1-ETO9a resulted in down-regulation of 36
miRNAs and up-regulation of 12, whereas loss of the three Rb
family genes resulted in down-regulation of 46 miRNAs and up-
regulation of 13 (Fig. 5A, B). In contrast, loss of PTEN resulted in an
up-regulation of 35 miRNAs and a down-regulation of only two
(Fig. 5C). Comparison of MLL-LSCs to non-self-renewing leukemic
progeny revealed that 33 miRNAs were up-regulated and three

miRNAs were down-regulated (Fig. SD). It is likely that changes in
miRNA expression in part contribute to the effects of these genetic
modifications on the self-renewal and differentiation potentials of
the targeted cells. Indeed, utilizing the miRNAs identified in this
profiling study as a basis for investigation, miR-17-92 was recently
shown to promote MLL-LSC potential by modulating p21 ex-
pression (Wong et al. 2010).

To further evaluate the miRNA programs controlled by AML1-
ETO9a, Rb family genes, PTEN, and MLL-AF10, we determined
which miRNAs were turned on or off by these genetic modifica-
tions using one-way ANOVA analyses and KMC analyses (Fig. SE-
H). We found that miR-31, miR-296, miR-324-5p, and miR-183
were highly expressed in KSL-ETO cells but were expressed at low
or undetectable levels in both LT-HSCs and KSL cells (Fig. SE).
Some miRNAs expressed in KSL cells (miR-196a, miR-196b, miR-
10a, miR-203, and miR-181b) or LT-HSCs and KSL cells (miR-130a
and miR-221) were turned off in KSL cells expressing AML1-ETO9a.
In contrast, the loss of Rb family genes turned off 12 KSL miRNAs
but did not turn on any miRNAs that were absent in KSL cells and/
or LT-HSCs (Fig. SF). Loss of PTEN and the MLL-AF10 trans-
formation turned on specific sets of miRNAs but did not turn off
any miRNAs present in the corresponding control cell populations
(Fig. 5G,H).

Some of these differentially regulated miRNAs may be direct
transcriptional targets of the genetic modifications and may
contribute to the altered self-renewal potential of mutant HSCs.
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Figure 5. Dysregulation of miRNA programs by genetic mutations altering the functional properties of stem/progenitor cells. Global changes of miRNA
expression in mutant stem and progenitor cells: (A) KSL-ETO, (B) KSL-RbTKO, (C) KSL-PTEN, and (D) MLL-LSC. miRNAs that are significantly different
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scales were used to indicate normalized expression intensity.

For example, miR-223, which has previously been shown to be
transcriptionally repressed by AML-ETO and to contribute to
tumorigenesis, was down-regulated in KSL-ETO cells (Fig. 5A;
Fazi et al. 2007). Moreover, in cells with these genetic mutations,
the expression of the miRNAs that target Hox genes is altered.
Among the five KSL miRNAs that were turned off by AML1-
ETO9a, three (miR-196a, miR-196b, and miR-10a) target Hox
genes. Intriguingly, loss of Rb family genes also resulted in down-

regulation of “Hox-targeting” miRNAs (miR-196a, miR-196b, and
miR-10a), whereas loss of PTEN and the MLL-AF10 trans-
formation resulted in up-regulation of some “Hox-targeting”
miRNAs (miR-196b and miR-10a). Given that many Hox genes
play critical roles in controlling HSC self-renewal (Argiropoulos
and Humphries 2007), these results strongly suggest that co-
ordinated miRNA-mediated regulation of Hox genes may control
the self-renewal potentials of SCs. Collectively, these analyses
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revealed diverse and distinct effects of these genetic modifica-
tions on miRNA expression and their potential roles in altering
the self-renewal and differentiation potentials of stem and pro-
genitor cells.

An miRNA signature predicting the effects of developmental
and genetic perturbations

The above analyses indicate that coordinated regulation of a se-
lected set of miRNAs may contribute to the altered self-renewal and
proliferation potentials of SCs and progenitor cells during normal
stem to progenitor transition (Fig. 4) and to specific genetic per-
turbations (Fig. 5). To identify those miRNAs that were co-regu-
lated by developmental perturbations (i.e., stem to progenitor
transition) and genetic perturbations (i.e., loss of PTEN and Rb
family, AML1-ETO9a expression, and MLL-AF10 transformation),
we carried out predictive analysis of microarrays (PAM; FDR <
0.001) (Tibshirani et al. 2002). We identified an miRNA signature
including 12 miRNAs that characterizes the normal stem to pro-
genitor cell transition in blood and muscle (Fig. 6A); this signature
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Figure 6. A stem/progenitor transition miRNA signature predicts the
functional properties of mutant stem/progenitor cells. (A) A stem/pro-
genitor transition miRNA signature that is predictive of stem or progenitor
identity/property of mutant stem/progenitor cells was identified from the
miRNAs that were concordantly regulated during stem to progenitor
transition in muscle and blood by using PAM analyses (FDR < 0.001).
Hierarchical clustering analyses showed that the 12 stem/progenitor
transition miRNAs predict the functional properties of mutant stem/pro-
genitor cells: (B) KSL-PTEN; (C) KSL-ETO; (D) KSL-RbTKO; and (E) MLL-
LSC. False color scale depicts relative changes in expression.

was largely predictive of the effects of the aforementioned genetic
modifications on the stem or progenitor cells (Fig. 6B-E). The
miRNAs identified are likely to be the key players among all the
differentially regulated miRNAs that contribute to the changes in
SC functional properties during these genetic and developmental
perturbations. All 12 miRNAs in the signature are up-regulated
during stem to progenitor transition in blood and muscle (Figs. 4,
6A), indicating that cells expressing this miRNA signature have
functional properties akin to progenitors (i.e., KSLs or myoblasts)
rather than SCs (i.e., LT-HSCs or MuSCs). Supporting this notion,
this miRNA signature classified KSL-PTEN cells as progenitor-like
(Fig. 6B), consistent with the high proliferative and low self-re-
newal potential of these cells. In contrast, it classified the KSL-ETO
and KSL-RbTKO cells as stem-like (Fig. 6C,D), consistent with their
self-renewal potential. Finally, it classified MLL-LSCs as progenitor-
like (Fig. 6E), consistent with the high proliferative potential of
these cells and their transcriptional program that deviates from
normal adult SCs (Somervaille et al. 2009).

These analyses revealed a subset of miRNAs that mark a con-
served stem to progenitor transition process (designated stem/
progenitor transition miRNAs, SPT-miRNAs). The fact that changes
in SPT-miRNA expression correlates well with the functional ef-
fects of corresponding genetic modifications further indicates that
these miRNAs are likely to play key roles in controlling the self-
renewal and proliferation potentials in normal and mutant stem/
progenitor cells (Fig. 6B-E). Indeed, some of these SPT-miRNAs
have been shown to regulate key SC regulatory molecules (Sup-
plemental Table S5). Nevertheless, not all the SPT-miRNAs were
regulated equally by these developmental and genetic perturba-
tions. For example, the expression of miR-31 and miR-324-5p in
KSL-ETO and MLL-LSC cells deviated from the pattern of expres-
sion of the other miRNAs up-regulated in progenitor cells (Fig.
6D,E). This observation suggests that miR-31 and miR-324-5p may
be functionally incompatible with other SPT-miRNAs expressed
in KSL-ETO cells and MLL-LSCs.

Effects of the SPT-miRNAs on SC self-renewal
and differentiation

Coordinated regulation of SPT-miRNAs during developmental
transitions and genetic perturbations in normal and mutant SCs
(Fig. 6) suggests that these miRNAs may mediate the shifts in
shared functional properties in normal and aberrant stem/pro-
genitor cells, such as changes in quiescence, self-renewal, and
proliferation capacity. We therefore examined the effects of the
SPT-miRNAs on ES cell self-renewal and proliferation. ES cells are
pluripotent SCs and can be maintained in a self-renewal state in
culture; thus quantitative measurements of changes in self-re-
newal and proliferation potential upon perturbing miRNA ex-
pression can be made. To this end we devised a fluorescence-based
competition assay (Fig. 7A). ES cells were infected with control
virus (no miRNA) or miRNA-expressing virus and then mixed with
uninfected ES cells at one-to-one ratio and cultured in the presence
of leukemia inhibitory factor (LIF). The infected ES cells are GFP-
positive and can be quantified by FACS analyses. The effects of
miRNA expression on ES cell self-renewal were determined by
measuring the percentage of GFP* cells at every passage (Fig. 7A).
We found that expression of Mir196a-1, Mir196a-2, or Mir196b
reduced the relative ratio of GFP* ES cells by 35%, 20%, and 50%,
respectively, after 3 wk (Fig. 7B). In contrast, expression of Mir324,
Mir221, or Mir222 had no apparent effects on the relative ratio of
GFP* ES cells (Fig. 7C). Expression of the Mir196 family did not
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Figure 7. Effects of SPT-miRNAs on ES cell self-renewal and HSC reconstitution. (A) Schematics depicting a competition assay for examining the effects
of miRNAs on ES cell self-renewal. (B,C) Relative ratios of miRNA-infected ES cells in a competition assay (n = 3, mean *+ SD). (D) Schematics depicting
a competition assay for examining the effects of miRNAs on HSC reconstitution. Vector-specific TagMan qPCR primers and probes were used to determine
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petitive bone marrow transplantation assay (n = 5). Results from individual recipients at various time points (within 5%-95% distribution) after trans-
plantation are shown, and median values of all recipients (horizontal lines) are indicated.

result in premature ES cell differentiation since the mRNA levels of
pluripotency genes (Nanog, Pou5f1 [also known as Oct4], Thx3, and
KIf4) are unaffected (Supplemental Fig. $6). These findings dem-
onstrate that the Mir196 family of miRNAs, but not Mir324,
Mir221, or Mir222, modulates the self-renewal of ES cells.

We then examined the effects of SPT-miRNAs in a competitive
bone marrow reconstitution assay (Fig. 7D). Lineage-negative he-
matopoietic stem/progenitor cells were spin-infected with control
or miRNA-expressing viruses, pooled, and transplanted into le-
thally irradiated recipient mice. Viral titers were determined to
ensure comparable infection rates by various miRNA-expressing
viruses. A fraction of pooled infected cells were set aside, cultured,
and used to determine initial levels of integration by control and
miRNA-expressing viruses. At various time points after transplan-
tation, we isolated peripheral blood cells from the recipient mice
and quantified the levels of viral integrations using qPCR analyses.
The relative ratios of integrated viruses at various time points after
transplantation were determined by normalizing first to the level
of control virus and then to the initial levels of integration by

various viral constructs (Supplemental Fig. S7). Two infected pools
were generated: (1) control, Mir196a-1, Mir196a-2, and Mirl196b
and (2) control, Mir324, Mir221, and Mir222 viruses. Each pool of
infected cells was independently tested in five recipient mice (Fig.
7E). We found that the number of cells containing Mir324 in-
tegration was not significantly different from those with control
integration at 4 to 12 wk post-transplantation and only slightly
decreased at 16 wk post-transplantation. In contrast, the number
of cells containing Mir221 and Mir222 integration decreased
drastically, whereas those with Mir196a-1, Mir196a-2, and Mir196b
integrations had more modest decreases over the period of 16 wk.
These findings are consistent with a previous study that showed
that expression of the mature miR-196b had a negative impact on
HSC reconstitution potential (O’Connell et al. 2010). These results
demonstrate that the Mir196 family, Mir221, and Mir222 miRNAs
have negative effects on HSC reconstitution potential. Although
further analyses will be necessary to dissect the roles of these
miRNAs in homing, survival, self-renewal, proliferation, and dif-
ferentiation of HSCs, these findings show that a high proportion of
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We used luciferase reporter assays to
test whether UTRs from Hox genes can be
repressed by the SPT-miRNAs (Fig. 8A).
We found that Mirl196a-2, Mir196b, and
Mir222 specifically repressed expression
of reporters with the Hox6 UTR (65%, 60%, and 25%, respectively)
(Fig. 8B) and the Hoxa4 UTR (30%, 25%, and 40%, respectively)
(Fig. 8C) but did not affect expression of a Hoxd13 UTR reporter
(Fig. 8D). Hoxb6 was also specifically repressed by Mir196a-1 (25%)
and Mir221 (30%) in a seed-dependent manner and by Mir31
(15%) and Mir324 (30%) in a seed-independent manner. Hoxa4
and Hoxb6 are both down-regulated during the hematopoietic
stem to progenitor transition and have been shown to be essential
for HSC self-renewal (Georgantas et al. 2004; Fischbach et al. 2005;
Lebert-Ghali et al. 2010). Thus, the SPT-miRNAs may coordinately
regulate targets that have known functions in self-renewal during
the stem to progenitor transition (Fig. 8E). Further characterization
of targets of the SPT-miRNAs may help to elucidate molecular
networks active during SC self-renewal and differentiation.

Discussion

Systematic analyses of miRNA expression profiles in TSCs and their
differentiated counterparts revealed miRNAs unique to HSCs,
MuSCs, and NSPCs, and those common to all three SC pop-

miRNA expression vectors

Figure 8. Coordinated regulation of Hox UTRs by the SPT-miRNAs. (4) Schematic diagrams of pre-
dicted target sites of SPT-miRNAs on Hoxb6, Hoxa4, and Hoxd13. Repression of luciferase reporters
bearing UTRs from Hoxb6 (B), Hoxa4 (C), or Hoxd13 (D) by the SPT-miRNAs and corresponding seed
mutant controls (sm) (n = 3, mean * SD, two-tailed, type 2, Student t-test, compared to the control
vector, N.S. for p > 0.05). (E) Model of SPT-miRNA regulation of Hox genes during the stem to
progenitor transition and corresponding changes in self-renewal and proliferation potentials.

ulations. The differential expression of miRNAs in SCs and pro-
genitors suggests an extensive role for miRNAs in regulating self-
renewal, proliferation, and quiescence programs in these cells.
From these differentially regulated miRNAs, we have identified
an SPT-miRNA signature that predicts the effects of develop-
mental and genetic perturbations on the functional properties of
stem/progenitor cells. Finally, many SPT-miRNAs have the ability
to regulate ES cell and HSC functions and appear to coordinately
regulate targets that have established roles in HSC self-renewal,
such as Hoxb6 and Hoxa4 (Fig. 8; Supplemental Table S5).
Identification of miRNA programs characterized by differen-
tial expression in TSCs or during the transition from TSCs to transit
amplifying progenitor cells may shed light on the roles of miRNAs
in stem and progenitor cells. For example, miRNAs shared by all
TSCs may control general cellular processes that are critical for
multiple SCs, such as receptor-mediated signaling pathways, apo-
ptosis, and cell cycle programs. Consistent with this hypothesis, 12
of the 18 SC-miRNAs have previously been shown to regulate the
cell cycle: miR-16, miR-19b, miR-20, miR-24, miR-29c, miR-92,
miR-106b, miR-195, miR-221, miR-222, let-7b, and let-7c,
(Zhang et al. 2007; Lal et al. 2008; Liu et al. 2008b; Medina et al.
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2008; Mendell 2008; Park et al. 2009; Xu et al. 2009). In contrast, the
TSC-miRNAs—miRNAs that are unique to TSC populations—may
regulate lineage-specific functions of these TSCs. Moreover, since
the transition from quiescent LT-HSCs into rapidly cycling KSL
cells requires a major shift in cell cycle rate, it is likely that some
of these miRNAs coordinate programs associated with this transi-
tion. Indeed, many miRNAs up-regulated in KSL cells modulate cell
cycle progression. These include miR-19a, miR-19b, miR-20, miR-
25, miR-92, miR-93, miR-106b, miR-221, miR-222, let-7b, let-7c,
and let-7g (Fig. 3B). One of the predicted targets for the LT-HSC-
specific miRNA, miR-192, is Noggin, which encodes a BMP4 an-
tagonist (Supplemental Fig. S5). Since BMP4 is a key signal in HSC
development and expansion (Sadlon et al. 2004), miR-192 ex-
pression may control Noggin expression and fine-tune BMP4 sig-
naling in LT-HSCs. Interestingly, few SC-specific miRNAs were
found despite the relatively relaxed standard that was used to de-
fine SC-related miRNAs (Supplemental Fig. S5).

It is important to note that it may not be straightforward to
assign miRNA function in SCs based on function in other cell
types. The same miRNA may have distinct functions in different
cells types depending on the target milieu of the cell. For example,
some SC-related miRNAs have been shown to promote passage
through cell cycle in certain cell types, although other SC-related
miRNAs have been shown to inhibit it (Liu et al. 2008b; Medina
et al. 2008). Interestingly, among the SC-related miRNAs, the miR-
17-92 cluster acts as an oncogene to potentiate the MYC activity
in a mouse B-cell lymphoma model, whereas it antagonizes the
effects of MYC oncogene in human B-cell lymphoma cells, acting
as a classic tumor-suppressor gene (He et al. 2005; O’Donnell et al.
2005). These observations suggest that the same miRNA can have
distinct biological activities under different cellular contexts. Such
puzzling observations can be explained if miRNA function de-
pends on the unique target milieu of each cell type.

One should be cautious about inferring miRNA function
solely based on their relative levels in different cell types. Although
itis thought that miRNAs function through base-pairing with their
targets, little is known about the correlation between the levels of
mature miRNAs and their efficacy in target repression and whether
miRNAs function through stoichiometric binding or a catalytic
mechanism in vivo. It is also not known whether the relative
abundance of the miRNA and corresponding targets affects re-
pression efficacy. In some cases, low abundance miRNAs may play
critical roles in controlling expression of low abundance targets.
Furthermore, even though an miRNA is maintained at a steady
level during a cell fate transition, its ability to regulate its target
may be abolished by drastic increases in transcription of the cog-
nate target mRNA.

Clearly, our analyses revealed broad and dynamic differences
in miRNA profiles among normal and aberrant TSCs and their
differentiated counterparts. Future implementation of deep se-
quencing analyses on the rare SC populations may further improve
this SC miRNA atlas and permit the discovery of novel miRNAs
in SCs. Nevertheless, given that each miRNA can regulate hundreds
of targets, these results strongly suggest that miRNA-controlled
post-transcriptional programs modulate extensive networks that
define the functional properties of SC and progenitors. Compared
to other forms of gene regulation, such as chromatin remodeling
and transcriptional regulation, miRNA-mediated post-transcrip-
tional regulation sits at the step immediately preceding protein
synthesis and dictates the levels of proteins synthesized from large
numbers of genes—the final outputs of cellular genetic networks.
Thus, linking the functions of miRNAs in SC self-renewal, quies-

cence, and differentiation to the cognate target networks pro-
vides an opportunity to unravel the evolutionarily selected mo-
lecular networks that control critical biological processes in SCs.
The stem and progenitor cell miRNA-expression atlas described
here will provide a resource for dissecting the post-transcrip-
tional genetic networks in normal and mutant stem and pro-
genitor cells.

Methods

Stem and progenitor cell samples and miRNA qPCR

Stem and progenitor cell samples and methods of isolation are
listed in Table 1 and were performed as described in the original
references listed. Defined numbers of cells were FACS sorted or
aliquoted into each tube. The samples were then lysed, amplified,
and quantified using multiplex RT for TagMan MicroRNA Assays
according to manufacturer’s instructions from Applied Biosystems
and the method described by Chen et al. (2005, 2007). For all
FACS-sorted cell populations, the purity was ensured by double
sorting and subsequent FACS analyses (>90%). One thousand cells
were used as starting material for all samples except for LT-HSCs;
as few as 20 LT-HSCs were utilized. Multiplex miRNA qPCR does
not significantly bias miRNA expression profiles after varied cy-
cles of amplification (data not shown). A total of 459 functional
miRNA probes were used to profile and quantify miRNA expres-
sion in normal and aberrant SC and progenitor cells (Supple-
mental Table S6).

Comprehensive analyses were carried out to ensure data
quality. Nontemplate control analyses (NTCs) were carried out for
all samples to remove probes that would lead to nonspecific am-
plification. Probe sets specific for housekeeping and SC-specific
mRNAs, such as HPRT, snoRNAs, and CD34, were included in the
miRNA probe sets and co-amplified. Drastic deviation in the am-
plification of housekeeping gene HPRT was used an indicator of
low quality amplification. We have also carried out extensive
analyses of Megaplex PreAmp TagMan MicroRNA Assays with
arange of input cell numbers (1000, 100, 10, and single cells). The
miRNA expression profiles were strongly correlated with R* = 0.93
or higher and P < 0.01, and technical variability of single cell
miRNA profiling with Megaplex PreAmp TagMan MicroRNA
Assays averaged about 9% (C. Chen, pers. comm.).

Data analyses

Ct values of miRNA probes were used to indicate corresponding
miRNA levels within the cell sample. Redundant and overlapping
probes were also removed. miRNAs with Ct > 35 were considered
undetectable and transformed to Ct = 35. For comparative analysis,
miRNA expression within each sample was normalized by sub-
tracting the median Ct value of detectable miRNAs within the
sample from the miRNA Ct value to obtain a ACt value (Supple-
mental Fig. S$2B; Supplemental Table S2). Mean, SEM, median, and
IQR were calculated with Prism software.

Statistical analyses, PCAs, HCL, and KMC analyses were car-
ried out using TM4 microarray software suites (Saeed et al. 2006).
One-way ANOVA analyses (95% confidence interval) or SAM
analyses (FDR < 0.001) identified miRNAs differentially expressed
for multi-sample and pairwise comparisons, respectively. HCL and
KMC analyses were then used to generate heatmaps depicting
differentially expressed miRNA clusters. Results of PCA analyses
were centered across all samples. HCL analyses showed that all
replicates clustered together except for three (KSL-Sp sample 3,
KSL-PTEN sample 3, and NSPC-PO sample 3). Sample-specific
miRNAs (Supplemental Fig. S5) were determined using the following
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criteria: an unpaired f-test with P < 0.05 relative to the NTC samples
and mean Ct < 32.

A multi-factorial analysis classified miRNAs into five groups
(FDR < 0.05) based on their ANOVA structure via step-wise signif-
icance tests (for more detailed explanation, see Supplemental
material). PAM (FDR < 0.001) was used to identify the predictive
miRNA signature from miRNAs differentially expressed in blood
and muscle stem and progenitor samples and capable of predicting
the functional properties of the following sample sets: LT-HSC vs.
KSL; MuSC vs. myoblast; KSL-PTEN vs. KSL-Sp; KSL-ETO vs. KSL;
MLL-LSC vs. MLL-Prog; KSL-RbTKO vs. KSL.

ES cell competition assay

Murine CGR8 ES cells were cultured on irradiated mouse embry-
onic fibroblasts in 15% ES FBS (Omega Scientific, lot no. 104100),
0.1 mM B-mercaptoethanol, NEAA, penicillin, streptomycin, and
10% U/mL LIF. ES cells were infected with control or miRNA vector
viruses via spin inoculation as previously described (Chen et al.
2004; Liu et al. 2008a). ES cells were passaged every 3 d, and the
percentage of cells expressing GFP was measured on FACSCalibur
(BD Biosciences).

HSC reconstitution assay

Bone marrow cells were isolated from C57/BL6J mice (Jackson
Laboratory) treated with S-fluorouracil, fractionated with a Ficoll
gradient, and infected with control or miRNA viruses by spinocu-
lation (Chen et al. 2004). Viral titers were determined by infecting
ES cells. Titers were normalized to ensure comparable infection
efficiencies by control and miRNA viruses. Equal proportions of
infected cells were pooled to make two groups containing the
following viruses: (1) control, Mir196a-1, Mir196a-2, and Mir196b
and (2) control, Mir324, Mir221, and Mir222. About 250,000
pooled cells were injected into each recipient mouse. Five recipient
mice were generated for each group. A portion of infected cells
from each group were cultured for 48 h. Genomic DNA samples
were prepared from the cultured cells or peripheral blood isolated
at various time points after transplantation. Relative ratios of
miRNA integration (compared to control viral integration) were
determined by qPCR using TagMan assays specific for control and
miRNA vectors and GAPDH (as a control for DNA input). The ratios
of miRNA integration relative to control viral integration at a spe-
cific time point after transplantation were calculated by de-
termining the AACt[(Ctmlk vector — CtGAPDH) - (CtCOntrol Vector —
Ctgarpn)] and then compared to the corresponding AACt at time
zero.

Target prediction and luciferase reporter assays

Target predictions were performed using RNA22 (Miranda et al.
2006) with the following criteria: zero unpaired bases in the six
seed nucleotides, 14 minimum paired bases, and —25 kcal/mol
folding energy in the heteroduplex. Luciferase assays were
performed as previously described (Trujillo et al. 2010). A list of
primer sequences is available in the Supplemental material.
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