






or a miR-125b1–expressing lentiviral vector (Fig. 5B) and subse-
quently injected intrahepatically into newborn Rag2−/−γc−/− mice
on a BALB/c genetic background generating the previously de-
scribed human immune system (HIS) model (28). After 10 wk,
peripheral blood was collected and analyzed for the presence of
human CD45+ WBCs by FACS, and a dose-dependent enhance-

ment in multilineage engraftment was observed in miR-125b1–
expressing vs. control HIS mice (Fig. 5 C–E). At 12 wk post-
reconstitution, the high-dose (multiplicity of infection [MOI] 40)
groups were harvested, and miR-125b–expressing HIS mice had
significantly elevated levels of human (h)CD45+ cells and hCD34+
HSPCs in their bone marrow (Fig. 5 F and G). These data provide
evidence that miR-125b also promotes hematopoietic engraftment
of human HSCs.

Discussion
In this work, we have identified an evolutionarily conserved
subset of miRNAs that is enriched in HSCs and have provided
evidence that these miRNAs function to properly manage he-
matopoietic output. Because some miRNAs promoted whereas
others diminished hematopoietic engraftment, it is possible that
these HSCmiRNAs work in a concerted manner to ensure proper
output of blood cells. A similar paradigm has recently been shown
for ES cells, where opposing miRNA families modulate ES cell
self-renewal and differentiation (29). This suggests that regulatory
networks involving multiple miRNAs participate in the control of
both embryonic and adult stem cells.
Owing to their important developmental roles and ability to

target known oncogenes and tumor suppressors (9), miRNAs
are a key part of the intricate molecular networks that drive or
suppress cancer development and progression. Certain hemato-
poietic cancers, such as chronic myeloid leukemia (CML), are
sustained by rare cancer stem-cell populations that have signifi-
cant mRNA expression overlap with normal HSCs, despite
producing malignant progeny (30). Our newly identified set of
HSC miRNAs might prove to be useful as biomarkers of such
cancer stem-cell populations. In the case of miR-125b, it will also
be of interest to assess whether it transforms HSCs or a com-
mitted myeloid progenitor and to characterize secondary muta-
tions that may assist in this process.

Fig. 3. miR-125b causes a dose-dependent MPD. (A) The three constructs
used to enforce expression of miR-125b are shown. K562 cells were trans-
duced with each retrovector, and miR-125b levels were assayed by qPCR. (B)
Blood concentrations of the indicated cell types are shown for mice
expressing MG, MG-125b1, MG-125b2, and in a separate experiment (sepa-
rated by a dashed line), MG and MG-125b(f) 2-mo postreconstitution. (C)
FACS plot showing a representative FACS plot of Gr1+CD11b+ cells in the
peripheral blood of mice overexpressing miR-125b2, miR-125b1, or control
vector 2 mo postreconstitution. Asterisk denotes a P value < 0.05.

Fig. 4. MPDs caused by miR-125b progress to myeloid leukemia in a dose-
dependent manner. (A) Survival of mice expressing different levels of miR-
125b. (B) Liver and spleen from miR-125b2–expressing mice with leukemia
4.5 mo after reconstitution. Representative H&E-stained tissue sections of
each respective organ taken from miR-125b2–expressing mice are shown on
Right. (C) Percentage of leukemic blasts in the peripheral blood of control or
miR-125b2–expressing mice 3.5 and 4.5 mo postreconstitution, and repre-
sentative Wright-stained blood smears from miR-125b2 mice at each time
point. Examples of blasts are indicated by red arrows. (D) Survival of mice
after i.v. transfer of malignant MG-125b1 (four different donors) or MG
control bone marrow to Rag2−/−γc−/− recipients (n = 3–6 mice per group).
Asterisk denotes a P value < 0.05.
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Many of the miRNAs identified in our study, including miR-
125b, miR-155, miR-126, miR-196b, and miR-99a, have been
shown to be dysregulated in different subsets of AML (31). Be-
cause we have shown functional relevance for many of these HSC
miRNAs in vivo, including the abilities of miR-155 (16) and now
miR-125b to trigger aggressive MPDs and myeloid leukemia, re-
spectively, therapeutic targeting of this subset may be effective in
combating hematopoietic cancers.

Materials and Methods
All animal experiments were approved by the institution animal care and use
committee (IACUC) at Caltech. HSPCs were isolated from C57BL6 bone
marrow using MACS (Miltenyi) followed by FACS sorting (antibodies de-
scribed in Table S2), and total RNA was collected from equal numbers of cells
by miRNeasy (Qiagen) and was used to quantitate miRNA expression by
microarray (Agilent) and qPCR (ABI Taqman). Cell culture, retroviral trans-
duction, bone-marrow transplants, CBCs, FACS, and histopathology were
performed as described previously (16). For competitive bone-marrow
reconstitutions, C57BL6 mice expressing the congenic markers CD45.1 and
CD45.2 were used as bone-marrow donors, and CD45.2 mice were used as
recipients. Equal numbers of 5-Fluorouracil (5-FU)–treated bone-marrow

cells from each group were infected with an miRNA-expressing (CD45.1 cells)
or control vector (CD45.2 cells), and a 1:1 cell mixture was injected i.v. into
lethally irradiated mice. miRNA-expression vectors formatted with miR-155
loop and arms were constructed as described previously (Table S3 shows
oligonucleotide sequences) (25). Endogenous miR-125b sequences were
obtained from System Biosciences and were PCR cloned into MG and MGP
retrovectors or a third-generation replication-deficient lentiviral vector.
Human cell work was approved by the Institute Biosafety Committee (IBC) at
Caltech. HIS mice were generated by injecting 2 × 105 lentivirus transduced
CD34+ CB cells i.h. into irradiated newborn Rag2−/−γc−/− mice on a BALB/c
genetic background as described (28). Expanded methods are found in SI
Materials and Methods.
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Fig. 5. Evolutionarily conserved miRNA expression and function in human CD34+ HSPCs. (A) Human CB was sorted into CD34+ (HSPC+) and CD34− (HSPC−)
fractions. Expression of the miRNAs enriched in mouse HSCs was measured by qPCR. Data are normalized to RNU48 and presented as mean + SEM (n = 3
different donors). (B) Human CB CD34+ cells were transduced with control or miR-125b1–expressing lentiviral vectors at an MOI of ∼4 or 40, and miR-125b
levels were assayed by qPCR. (C) Representative FACS plots showing an increased ratio of human to mouse CD45+ WBCs in the peripheral blood of miR-125b–
expressing HIS mice 10 wk after CD34+ cell injection. (D) A gray dot represents each mouse. (E) Human cells in the peripheral blood of high-dose (MOI 40) HIS
mice were analyzed by FACS for the expression of different lineage markers including CD19 (B cells) and CD33 (myeloid). Data are represented as the mean ±
SEM. (F) A representative FACS plot of hCD45+ and hCD34+ cells in the BM of miR-125b–expressing and control vector HIS mice 12 wk post-CD34+ injection.
(G) A gray dot represents each mouse. Asterisk denotes a P value < 0.05.
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Supporting Information
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SI Materials and Methods
Isolation of Bone Marrow Cell Subsets and FACS. Hematopoietic
stem and progenitor cells (HSPCs) were isolated from C57BL6
bone marrow by first depleting lineage-positive cells using specific
biotinylated antibodies (Table S2), magnetic beads, and a MACS
column (Miltenyi). Viable (7-amino-actinomycin D [7-AAD] neg-
ative) lineage-negative (lin−) cells were next stained with fluo-
rophore-conjugated antibodies (Table S2) and separated using
a FACS Aria (BD) into cKit−, cKit+Sca1−, and lin− cKit+Sca1+
(LKS) subpopulations. Hematopoietic stem cells were further pu-
rified from among the LKS population by sorting out endothelial
protein C receptor (EPCR)+ or CD150+CD48− LKS cells.
CD11b+ and B220+ cells were fractionated from total bone mar-
row (BM) using a MACS column. RBC-depleted PBMCs were
stained with the indicated antibodies (Table S2), washed, and an-
alyzed using a FACSCalibur (BD).

Microarray Analysis. For the microarray, total RNA was collected
from equal numbers of LKS cells and total RBC-depleted BM
using the miRNeasy kit (Qiagen) and subsequently used for a low-
input microarray with Agilent mouse microRNA (miRNA) 10.1
chips (Asuragen). Data represent miRNA-expression levels in
LKS and total bone marrow taken from 10 mice and pooled
before RNA purification. Two biological replicates were analyzed
in this way, and both identified the 11 miRNAs described in
this study.

Quantitative PCR.ABI Taqman was used to quantitate microRNA
levels in different BM cell populations using gene-specific primers
according to the manufacturer’s instructions.

Competitive Bone-Marrow Reconstitutions.C57BL6 mice expressing
the congenic WBC markers CD45.1 or CD45.2 were used as
bone-marrow donors, and CD45.2 mice were used as recipients.

Equal numbers of HSPC-enriched bone-marrow cells from each
group (obtained from mice treated with 5-fluorouracil for 5 d)
were infected with an miRNA-expressing (CD45.1 cells) or control
vector (CD45.2 cells), and a 1:1 cell mixture was injected i.v. into
lethally irradiated mice.

Retroviral and Lentiviral Vectors. miRNA-expression vectors for-
matted with miR-155 loop and arms were constructed as de-
scribed previously (1) (Table S3). Endogenous miR-125b-1 and
miR-125b-2 sequences were PCR cloned into MG and MGP
retrovectors (1, 2) or a third-generation replication-deficient
lentiviral vector with an elongation factor 1 α (EF1α) promoter.
Retroviral transduction of mouse HSPCs and bone-marrow trans-
plantation were performed as previously described (1, 2). K562
cells were cultured in complete RPMI and infected with retro-
vectors in the presence of polybrene (10 μg/mL). Lentiviral
transduction of CD34+ cells was achieved using an multiplicity of
infection (MOI) of 4 or 40, Retronectin-coated plates (Fisher
Scientific), and StemSpan serum-free medium (Stem Cell Tech-
nologies). Transduced CD34+ cells were washed and injected
24 h after infection.

Human Immune System Mouse Model. Human immune system
(HIS) mice were generated by injecting 2 × 105 lentivirus trans-
duced CD34+ CB cells intrahepatically into irradiated newborn
Rag2−/−γc−/− mice on a BALB/c genetic background as described
(3). Human hematopoietic cell engraftment was assessed by col-
lecting blood and subjecting peripheral blood mononuclear cells
(PBMCs) to FACS (Table S2).

Histopathology and Complete Blood Cell Counts. These procedures
were performed as described (1, 2).

Statistics.For statistical analysis, a Student two-tailed t test was used.
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Fig. S1. A more extensive cellular fractionation scheme was used to further assess the expression profiles of the 11 miRNAs enriched in LKS cells.

O’Connell et al. www.pnas.org/cgi/content/short/1009798107 1 of 4

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009798107/-/DCSupplemental/st02.doc
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009798107/-/DCSupplemental/st02.doc
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009798107/-/DCSupplemental/st02.doc
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009798107/-/DCSupplemental/st02.doc
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009798107/-/DCSupplemental/st02.doc
www.pnas.org/cgi/content/short/1009798107


Fig. S2. Each respective miRNA-expressing vector was transfected into 293T cells, and miRNA levels were assessed by Quantitative PCR (qPCR) and normalized
to RNU48.
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Fig. S3. Competitive BM reconstitutions were performed using C57BL6 mice to assess the engraftment potential of BM expressing each of the 11 HSC miRNAs
(CD45.1 cells) compared with control BM (CD45.2 cells). A representative FACS plot of PBMCs from each mouse group stained with CD45.1 is shown (n = 4 at
4 mo postreconstitution). GFP was used to identify cells containing a vector.
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Fig. S4. Wright-stained BM smears and H&E-stained spleen sections from MG and MG-125b(f)–expressing mice 2 mo after reconstitution (Upper Left) or the
same tissues and liver from miR-125b1–expressing mice 2.5 mo postreconstitution (Upper Right and Lower Left). Wright-stained blood smears from MG- and
MG-125b1–expressing mice 3.5 mo after bone-marrow reconstitution (Lower Right). Data represent at least two independent experiments. (Scale bar: spleen
and liver, 200 mm; blood and bone marrow, 40 mm.)
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