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The c-myb proto-oncogene encodes an
obligate hematopoietic cell transcription
factor important for lineage commitment,
proliferation, and differentiation. Given
its critical functions, c-Myb regulatory
factors are of great interest but remain
incompletely defined. Herein we show
that c-Myb expression is subject to post-
transcriptional regulation by microRNA
(miRNA)–15a. Using a luciferase reporter
assay, we found that miR-15a directly
binds the 3�-UTR of c-myb mRNA. By
transfecting K562 myeloid leukemia cells

with a miR-15a mimic, functionality of
binding was shown. The mimic decreased
c-Myb expression, and blocked the cells
in the G1 phase of cell cycle. Exogenous
expression of c-myb mRNA lacking the
3�-UTR partially rescued the miR-15a in-
duced cell-cycle block. Of interest, the
miR-15a promoter contained several po-
tential c-Myb protein binding sites. Occu-
pancy of one canonical c-Myb binding
site was demonstrated by chromatin im-
munoprecipitation analysis and shown to
be required for miR-15a expression in

K562 cells. Finally, in studies using nor-
mal human CD34� cells, we showed that
c-Myb and miR-15a expression were in-
versely correlated in cells undergoing
erythroid differentiation, and that overex-
pression of miR-15a blocked both ery-
throid and myeloid colony formation in
vitro. In aggregate, these findings sug-
gest the presence of a c-Myb–miR-15a
autoregulatory feedback loop of potential
importance in human hematopoiesis.
(Blood. 2009;113:505-516)

Introduction

The c-myb proto-oncogene is the founding member of a family of
genes, A-myb (MYBL1), B-myb (MYBL2), and c-myb (MYB),
which encode transcription factors that regulate genes important
for lineage fate, cell proliferation, and maturation.1-9 In hematopoi-
etic cells, c-Myb is required for normal cell development, as
demonstrated by the fact that homozygous c-Myb null mice die in
utero at approximately day 15 of severe anemia10 and silencing
c-myb expression in vitro interferes with normal myeloid colony
formation.11 c-Myb’s role in lineage determination is illustrated by
recently described transactivation domain mutations that are associ-
ated with marrow megakaryocyte hyperplasia and profound throm-
bocytosis.12 Other important functions are alluded to by the
observation that disrupting c-Myb expression with dominant
negative mutants interferes with cell-cycle progression and sensi-
tizes leukemia cells to DNA damaging agents.13 It is becoming
increasingly accepted that Myb function is cell type– and
context-dependent.14

It is well known that c-myb expression is highest in primitive
hematopoietic cells and that down-regulation of its expression is
an essential prerequisite for terminal differentiation.15 It has
been suggested that within this general framework, setting
precise c-Myb levels is required for proper functioning during
cell development.16-20 The very short half-life of c-myb’s mRNA
and protein is consistent with this suggestion, but mechanistic
details regarding the cis- and trans-acting factors which regulate
the protein’s synthesis and turnover are not fully known. The 5�
promoter region of c-myb has binding sites for a large number of
proteins that appear to regulate its expression both positively
and negatively, including c-Ets-1, NF-�B, E2F, WT1, and

c-Myb itself.21-25 In the murine system, a transcriptional pause
site within the first intron of the gene may also play a role in
varying c-Myb levels during hematopoietic cell develop-
ment.26,27 That expression is responsive to cues from the external
environment is demonstrated by the fact that interleukin-2 (IL-2)
up-regulates c-myb expression in T lymphocytes via the PI3K,
protein kinase B pathway.22 Other important elements of c-myb’s
regulatory network remain to be defined.

MicroRNAs (miRNAs) constitute a newly appreciated class of
noncoding RNAs, 21 to 23 nucleotides in length, which play an
important role in regulating gene expression at the posttranscrip-
tional level. They are derived from endogenously expressed
transcripts with characteristic hairpin structures. These are pro-
cessed by 2 ribonucleases of the RNase III family, Drosha and
Dicer, into short hairpins of the characteristic length.28 MiRNAs
regulate mRNA usage by hybridizing to specific, but difficult to
predict,29 sites within the 3� UTR of candidate mRNAs. In this
manner they inhibit translation of the mRNA by interfering with
80s ribosome assembly,30 association of eIF4E to the m7G cap,31 or
alternatively, by directing physical destruction of the mRNA.
miRNA genes constitute approximately 1% to 2% of the known
genes in eukaryotes and it has been predicted that miRNAs may
regulate protein production from as many as 10% to 30% of all
human genes.32 Accumulating evidence indicates that miRNA
function is critical during normal cellular development and ho-
meostasis, and abnormalities in miRNA activity have also been
found to contribute to the pathogenesis of several hematologic
malignancies including CLL and acute leukemia.33 Nonetheless,
validated miRNA targets remain limited. The growing association
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of microRNAs and leukemogenesis caused us to wonder if they
might also regulate expression of c-Myb, a gene whose involve-
ment in the pathogenesis of leukemia and lymphoma has long been
hypothesized and recently directly demonstrated.34,35 Herein we
report that c-Myb and miR-15a form an autoregulatory feedback
loop, with functional significance in normal hematopoietic cells,
and perhaps malignant human hematopoietic cells as well.

Methods

Suspension cell cultures

Human embryonic kidney 293T (HEK293T) cells were maintained in
Dulbecco modified Eagle medium (Invitrogen, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (HyClone Laboratories, Logan, UT).
K562 cells were grown in RPMI 1640 medium supplemented with 10%
fetal bovine serum (FBS).

Human erythroid progenitor cells cultured from normal human
hematopoietic cells (CD34�) were obtained from the University of
Pennsylvania Stem Cell and Xenograft Core Facility. The University of
Pennsylvania School of Medicine Institutional Review Board approved
the acquisition and distribution of normal hematopoietic cells. These
cells were then cultured in Iscove modified Dulbecco medium (IMDM;
Invitrogen) supplemented with 20% of serum substitute BIT9500
(StemCell Technologies, Vancouver, BC), 10 U/mL erythropoietin (EPO;
Amgen, Thousand Oaks, CA), and 10 ng/mL stem cell factor (SCF;
R&D Systems, Minneapolis, MN) and harvested on days 1, 2, 3, 4, 6, 8,
and 10 of culture, washed twice in Dulbecco phosphate-buffered saline
(D-PBS; Invitrogen), and stored frozen at �80°C until thawed for the
assays indicated in the text.

Colony-forming unit and burst-forming unit assays

Normal human bone marrow CD34� cells (3.0 � 103) or ficoll-separated
human bone marrow mononuclear cells (MNCs; 1.2 � 105), transfected
with either a miR-15a mimic or control miR (Dharmacon, Lafayette, CO),
were suspended in 900 �L IMDM containing 20% FBS and cytokines to
stimulate colony-forming unit–erythroid (CFU-E) growth (EPO 10 U/mL;
Amgen), colony-forming unit–granulocyte, macrophage (CFU-GM) growth
(IL-3 20 ng/mL and GM-CSF 10 ng/mL; Amgen), or burst-forming unit–
erythroid (BFU-E) growth (SCF 5 ng/mL and EPO 10 U/mL; Amgen). The
suspended cells were added to 3.1 mL of methylcellulose and then
transferred into 3 separate 35-mm Petri dishes (1.2 ml per dish). CFU-E,
CFU-GM, and BFU-E were enumerated under an inverted microscope on
day 14 of incubation.

Constructs

An 1191-bp fragment encompassing the entire human c-myb 3�-UTR was
PCR-amplified with the following sense (5�-TGTCTAGAGACATTTCCA-
GAAAAGCAT-3�) and antisense (5�-GTTCTAGAAGGTAAAATA-
AGGGCACATCT-3�) primers using standard procedures and a proofread-
ing polymerase (Platinum Pfu; Invitrogen). The cDNA clone (ATCC
number 1415590), which contains the full length of c-myb 3�-UTR, was
used as template. The PCR product was sub-cloned into the pCR 2.1 vector
(Invitrogen). The c-myb 3�-UTR inserts were removed from the pCR 2.1
plasmid by XbaI digestion and ligated into a XbaI site located downstream
of the firefly luciferase (f-luc) reporter gene (pGL3-Basic; Promega,
Madison, WI) driven by a 900-bp 5� flanking region from human Bub1
gene. The authenticity and orientation of the inserts relative to the luciferase
gene were confirmed by sequencing. The resulting plasmids were desig-
nated pBub1/myb3U.

The expression plasmids pGL3/myb3U/ miR-15a1, pGL3/myb3U/miR-
15a2, and pGL3/myb3U/miR-15a12, deleting the 2 miR-15a seed binding
sites harbored in the c-myb 3�-UTR using the QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) or were simultaneously gener-

ated by using the pGL3/myb3U plasmid as template. The primers are
available upon request.

Transfection

Partially double-stranded RNAs that mimic endogenous precursor
miRNAs, hsa-miR-15a, hsa-miR-107, hsa-miR-150, and miRNA Nega-
tive Control no. 1, were obtained from Dharmacon (Lafayette, CO). In
addition, anti-miR miRNA inhibitors (anti–miR-15a and anti-miR
Negative Control #1), designed to inhibit endogenous miRNAs, were
also obtained from Dharmacon. HEK293 T cells were transfected with
the luciferase reporter constructs described above, pRL-CMV (Pro-
mega) and the appropriate miRNA precursor using Lipofectamine 2000
(Invitrogen). After 48 hours, f-luc and Renilla luciferase (r-luc) activi-
ties were determined using the dual-luciferase reporter assay system
(Promega) and a luminometer. Alternatively, K562 cells were trans-
fected with either specific miR mRNAs or anti-miR miRNA as described
above with an Amaxa (Gaithersburg, MD) Nucleofector. Amaxa Nucleo-
fector was also used to transfected CD34� cells (106 cells/transfection)
and mononuclear cells (107 cells/transfection) isolated from normal
human bone marrow.

Quantitative real-time polymerase chain reaction for c-myb
expression

RNA was isolated from cells using TRIzol (Invitrogen) and the RNA was
subsequently treated with RNase-free DNase I, quantified by absorbance at
260 nm, and cDNA was synthesized from 1 �g of total RNA using
oligo(dT). Quantitative reverse transcription–polymerase chain reaction
(RT-PCR) was carried out in an ABI 7900 HT Sequence Detection System
using TaqMan master mix and the protocol of the manufacturer (Applied
Biosystems, Foster City, CA). All data were normalized using the endoge-
nous GAPDH control. The sequences for the primers and probes are
available upon request.

miR-15a isolation and detection

miR-15a was isolated from cells using mirVana miRNA Isolation Kit from
Ambion (Austin, TX). Subsequently, the mirVana qRT-PCR Primer Set for
miR-15a was used for detection of miR-15a expression according manufac-
turer’s instruction. Primer set for U6 snRNA was used to normalize for
RNA content among different experimental samples.

Flow cytometry and cell-cycle analysis

K562 cells were transfected with miRNA mimics. Forty-eight hours later,
106 cells were collected and washed with phosphate-buffered saline (PBS).
Cells were then suspended in NP-40 solution (0.1% sodium citrate, 10 mM
NaCl, 0.03% NP-40, pH 6.0) with 200 �g/mL RNase and stained with
20 �g/mL propidium iodide (PI). Cells were analyzed for DNA content.
The cell population in each cell cycle was calculated with FlowJo software
version 4.6.1 (TreeStar, Ashland, OR).

Western blotting

Protein samples were prepared from 2 � 106 K562 cells or CD34� cells
undergoing differerentiation lysed in 40 �L RIPA buffer (1� PBS, 1%
NP40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate
[SDS]) with the addition of the protein inhibitors. The same amount
proteins were loaded onto SDS-polyacrylamide electrophoresis gel and
followed by Western blot with anti–c-Myb antibody (Upstate-Millipore,
Charlottesville, VA). The same blots were stripped by Re-blot Solution
(Chemicon, Temecula, CA) and relabeled with antibodies against �-actin as
loading controls.

Chromatin immunoprecipitation assay (ChIP)

K562 cells (5.0 � 106 cells) were cross-linked with 0.4% formaldehyde. Then
the cells were lysed, DNA-protein complexes were immunoprecipitated, and the
formaldehyde–cross-linked DNA was reverse cross-linked with a ChIP assay kit
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(Upstate-Millipore) according to the manufacturer’s protocol. DNA-Myb com-
plexes were immunoprecipitated with anti-c-Myb. ChIP assays were also
completed with anti-acetyl histone H4 as a positive control, and normal mouse
immunoglobulin G (IgG) as a negative control. The purified DNA was then
amplified by real-time PCR by standard protocols with SYBR green and
miR-15a promoter-specific primers that flanked c-Myb binding site 1, �2248 to
�1998 relative to the transcription start site (forward, 5�-CCATCCTTTGCTGG
CACTAA-3�; reverse, 5�-GGTCCCCCTCATCACATACA-3�), or c-Myb bind-
ing 2, �653 to �464 bp relative to the transcription start site (forward,
5�-GGGAGAATTAGTTTGTTTAGAG CTTTT-3�; reverse, 5�-CACATCAAG-
GGAAAAACATGAA-3�).

Results

Three microRNAs potentially interact with the 3�-UTR of the
Human c-myb mRNA

Several prediction programs have been developed to identify
potential miRNA targets.36 An online search of the TargetScanS
Target Database demonstrated that 14 miRNAs potentially bind
to the 3�-UTR of the human c-myb mRNA. The binding sites of
these miRNAs are conserved across species. In this study, we
have focused on 3 miRNAs, miR-15a, �107 and �150. There
are 2 potential target sites for miR-15a (Figure 1A) and miR-150
(Figure 1B), and one for miR-107 (Figure 1C). To experimen-
tally validate the computational data, 1191 bp of the human
c-myb 3�-UTR was subcloned downstream of the f-luc open
reading frame (Figure 2A). This reporter construct (pBub1/
Myb3U) was cotransfected in the HEK293 T-cell line with
pRL-CMV (to normalize for transfection differences) and a
control nontargeting RNA oligonucleotide (miR-Control), or
miR-15a, �107, or �150. Interestingly, the relative luciferase
activity was markedly diminished in cells cotransfected with the
pBub1/Myb3U construct and miR-15a (74.1 � 1.5%) or miR-
107 (68.2 � 5.3%), and was modestly decreased (22.1 � 4.2%)
in cells cotransfected with the pBub1/Myb3U construct and
miR-150 mimic (Figure 2B).

miR-15a decreases human c-Myb expression in K562 human
myeloid leukemia cells

K562 cells endogenously express relatively high c-myb mRNA
levels and are widely used to study hematopoietic cells growth and
differentiation. To determine whether the candidate miRNAs might
effect endogenous c-Myb expression, K562 cells were transfected
with the miRNAs of interest. c-Myb levels, before and after
transfection, were then quantitated by Western blotting. Of the
candidates examined, only miR-15a was able to effect a significant
reduction in K562 c-Myb protein content compared with controls
(Figure 3A).

To investigate whether miR-15a targeted c-myb mRNA for
degradation, real-time PCR was carried out on RNA isolated
from miR-transfected K562 cells. In accord with classical
miRNA activity, c-myb mRNA levels in cells transfected with
miR-15a were not significantly decreased compared with con-
trol cell steady state mRNA levels (Figure 3B). Together, these
results demonstrate that miR-15a decreased c-Myb protein
expression by inhibiting mRNA translation, not by targeting
c-myb mRNA for degradation. To further confirm that miR-15a
can negatively regulate c-myb expression, miR-15a oligonucleo-
tide inhibitors were transfected into K562 cells. Myb protein
levels were then measured in transfected cells by Western
blotting. A modest but statistically significant increase in c-Myb
protein levels was observed in cells treated with the miR-15a
inhibitors, providing additional evidence that miR-15a might
participate in a physiologically relevant manner in the regula-
tion of c-Myb expression (Figure 3C). Finally, we examined
K562 cells for the presence of miR-15a and found that it was
indeed expressed in wild-type cells (Figure 3D).

miR-15a inhibits reporter luciferase activities in a
dose-dependent manner by binding to its seed regions of
c-myb 3�-UTR

To test the potency of the miR-15a, pBub1/Myb3U was
cotransfected into HEK293 T cells with increasing concentra-
tions of miR-15a mimics, or nontargeting control miRNA.

A

B

C

Position 661-687 of
 c-MYB  3' UTR

5'  ... CAAAUG AAAAA CGUUU UU UGCUGCUAU ... 

3'      GUGUUU--GGUAAUACACGACGAU
|  ||    |:||    |||||||  

Position 634-661 of
 c-MYB  3' UTR
hsa-miR-15a

5'  ... GGU CUUAGCCUGUAG ACAUGCUGCU A ...  
           |:||   ||     ||||||| 
3'       GUGUUUGGUAAU--ACACGACGAU hsa-miR-15a

5' ...GGUCUUAGCC -UGUAG ACAUGCUGCU ... 
           |||||  |||| | ||||||| 
3'      ACUAUCGGGACAUGU-UACGACGA

Position 660-686 of 
c- MYB  3' UTR

hsa-miR-107

5'  ...CUUCUGCAAUAC AUU UGAAAA CUU GUUUGGGAG A ...
         |||    ||||              |||||||
3'      GUGAC--CAUGU---------UCCCAACCCUCU

5'    ... AUA CA AGCA UGCG UUGCACUUCUU UUUUGGGAGA  ...  
         ||||||                    ||||||| 
3'  GUGACCAUGUUC-----------------CCAACCCUCU

Position 876-910 of 
c-MYB  3' UTR  

Position 801-835 of
c-MYB  3' UTR

hsa -miR-150

hsa -miR-150 

Figure 1. The human c-myb 3�-UTR harbors putative
binding sites complementary to miR-15a, miR-107 and
miR-150. (A) Complementarity between miR-15a and the
2 putative c-myb 3�-UTR sites targeted (634-661 bp and
661-687 bp downstream from the c-myb stop codon).
(B) Complementarity between miR-107 and the single puta-
tive c-myb 3�-UTR site targeted (660-686 bp downstream
from the c-myb stop codon). (C) Complementarity between
miR-150 and the 2 putative c-myb 3�-UTR sites targeted
(801-835 bp and 876-910 bp downstream from the c-myb
stop codon). Sequence conservation (italics) across human,
mouse, rat, and dog is also indicated.
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Luciferase activities were subsequently determined. Dose-
response experiments demonstrated a clear correlation between
luciferase activity and amount of miR-15a transfected into cells.
Compared with controls, relative luciferase activity was signifi-
cantly decreased with as little as 1 nM miR-15a. Maximal
decrease was obtained with a 50-nM concentration of this
miRNA (Figure 4A). In contrast, increasing concentrations of
miR control had little effect on luciferase activity even when the
concentration of these RNAs was 100 nM (data not shown).

To demonstrate that miR-15a interacts with a specific target
sequence localized in the human c-myb 3�-UTR, 3 additional
reporter constructs were generated in which the 2 7-bp “seed”
sequences (ie ACGACGA), which are complementary to the 5�
end of miR-15a (Figure 1A), were deleted individually or
simultaneously (Figure 4B). The resulting constructs, pBub1/
Myb3U/miR-15a1, pBub1/Myb3U/ miR-15a2 and pBub1/
Myb3U/ miR-15a1,2 were cotransfected together with miR-15a
into HEK293 T cells. Luciferase activity in respective cells was
then measured. Compared with the decrease in luciferase
activity observed when the authentic c-myb 3�UTR was cotrans-
fected with miR-15a, deletion of the miR-15a binding sites in
the c-myb 3�UTR resulted in a 2- to 3-fold increase in luciferase
activity, indicating that miR15a was no longer able to bind the
UTR with the same avidity (Figure 4C). All these data are
consistent with the hypothesis that miR-15a hybridizes with the
predicted sequence in the c-myb 3�-UTR, and that alteration of
the sequence to which the miR hybridizes would result in
enhanced luciferase activity.

miR-15a blocks cell-cycle transit in G1

c-Myb is required for hematopoietic cell-cycle progression. One
might, therefore, assume that if miR-15a bound to c-myb mRNA
and repressed its expression, cell-cycle progression would be
impeded. To examine this assumption, we determined whether
overexpression of miR-15a would perturb K562 cell cycling, and
whether this effect could be causally linked to its effect on c-Myb
protein expression levels. Flow cytometric analysis of actively
growing K562 cells transfected with miR-15a revealed that approxi-
mately 48% of cells were in the G0/G1 phase of the cell cycle
compared with approximately 35% of control cells. A correspond-
ing decrease in cells comprising the G2/M phase was also noted as
approximately 20% of control cells were in this phase of the cell
cycle compared with approximately 10% of cells treated with the
miR-15a (Figure 5A top panel). Of note, neither miR-107 nor
miR-150 mimics had any effect on K562 cell cycling (Figure 5A
bottom panel).

To further define the mechanism of the miR15a induced
cell-cycle block, 2 additional experiments were carried out.
First, we investigated the effect of miR-15a on cell-cycle
progression of HEK293 and Hela cells. Neither of these cell
lines is hematopoietic in origin, and c-Myb expression in both is
either very low or undetectable. When these cells were trans-
fected with miR-15a, unlike K562 cells, there was no discern-
able effect on cell cycling (data not shown). Second, we carried
out “rescue” experiments in K562 cells. For these studies, we
used pcDNA3-c-Myb, a construct previously reported from our
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Figure 2. miR-15a can inhibit reporter activity. (A) Schematic representation of the f-luc reporter constructs used. The pBub1/Myb3U plasmid contains the full-length 3�-UTR
of the human c-myb fused to f-luc. The promoter of the firefly luciferase (900-bp fragment from Bub1 promoter), stop codon as well as the target sites of the 3 putative
microRNAs is also shown. (B) HEK293 T cells were cotransfected with 300 ng pBub1/Myb3U, 15 ng pRL-CMV, and a 50-nM concentration of a given RNA oligonucleotide.
Forty-eight hours after transfection, luciferase activities were measured. f-luc activity was normalized to r-luc expression and the mean activities plus or minus SE from
3 independent experiments are shown.
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laboratory that expresses full-length c-Myb but does not contain
the 3�-UTR.29 As such, pcDNA 3-c-Myb expresses a form of
c-Myb that should not be subject to miR-15a’s regulatory
influence. In K562 cells cotransfected with both miR-15a and
pcDNA3-cMyb, the previously observed block in cell-cycle
progression was largely but not completely abrogated (Figure
5B). This is most apparent when one notes the population of
miR-15a expressing K562 cells in G0/G1 (	48%; Figure 5A)
and compares this to the percentage of G0/G1 cells in miR-15a
expressing K562 cells cotransfected with pcDNA3-cMYB
(	35%). The percentage of K562 cells in G0/G1 transfected with
a control miRNA was also approximately 35% (Figure 5A).
Cotransfecting miR-15a and pcDNA3-c-Myb into K562 cells
resulted in an increase of the G0/G1 population by approximately
20% (Figure 5B right panel), compared with miR-15a-
transfected K562 cells (Figure 5A top right panel) which showed
an approximately 37% increase of cells in G0/G1. In aggregate,
these data are consistent with the thesis that miR-15a regulates
cell-cycle progression through its effects on c-Myb. They also
suggest that its effects are unrelated to potential effects on other
Myb family members, since cycling of the nonhematopoietic
cells was unaffected.

Myb directly regulates miR-15a expression

Sequence analysis of the human miR-15a promoter revealed 7 potential
Myb binding sites within 3.0 kb of the transcriptional start site. One of
the 7 sites is canonical, 5�- pyrimidine AAC (G/T)G-3�. The remaining
6 sites were noncanonical, 5�-AACNG-3�. Two of the possible 7 c-Myb
binding sites are conserved among human, mouse and rat genome
suggesting that they are the most likely candidates for functional Myb
binding. These sites were designated as �2124 MBS1 (c-Myb binding
site 1), and �502 MBS2 (Myb binding site 2) respectively, on the basis
of their upstream positions with reference to the transcriptional start site
(Figure 6A). To determine whether endogenous c-Myb could physically
associate with these conserved c-Myb binding sites, chromatin immuno-
precipitation (ChIP) analysis, using c-Myb antibody, was performed
with extracts from K562 cells. A significant enrichment of the promoter
(4-fold elevation) was observed when primers were used to amplify the
fragment that spans the region between �2248 and �1998, but not the
region between �653 and �464 (Figure 6B). Thus, these data suggest
that c-Myb binds to the miR-15a promoter, at least through the site
designated as MBS1.

To examine the potential physiologic significance of c-Myb
protein binding to the miR-15a promoter, miR-15a expression
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levels were examined in K562 cells after treating cells with a
siRNA targeted to the endogenous c-myb mRNA. In these experi-
ments, c-myb mRNA expression declined by approximately 90%,
as measured by quantitative real-time PCR, 48 hours after the
c-myb targeted siRNA were transfected into K562 cells. The
specificity of the knockdown was substantiated by the absence of

an effect on �-actin expression (data not shown). Delivery of these
same siRNA into K562 cells also resulted in an approximately 70%
decrease in miR-15a expression (Figure 6C). To exclude the
possibility of off-target effects causing these results, we evaluated
additional anti-Myb siRNA and found good correlation between
inhibition of c-Myb, and inhibition of miR-15a (data not shown).
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These data are supportive of our hypothesis that c-Myb protein
binding directly regulates miR-15a expression.

Correlation between miR-15a and c-Myb levels in primary
CD34� cells undergoing erythroid differentiation in vitro

As the above experiments were carried out in cell lines, and we were
particularly interested in the potential physiologic relevance of miR-15a,
c-myb mRNA interactions in normal cells, we next examined the
expression of these 2 mRNA species in normal human CD34� cells
undergoing erythroid maturation in vitro. To this end, normal human
bone marrow CD34� cells were cultured in suspension in the presence
of SCF and Epo as detailed in the methods section. We then quantitated
the expression of miR-15a, c-myb mRNA, and c-Myb protein on days 1
through 4, the time during which cells would be undergoing erythroid
lineage commitment and initial developent; on days 6 and 8, during
which time the proerythroblasts expand and undergo maturation; and on
day 10 when most cells in culture resemble late-stage erythroblasts
(Figure 7).After 24 hours in culture (day 1), miR-15a levels rose rapidly,

but then declined precipitously on day 2. They then rose gradually again
through day 4, only to begin a gradual decline which reached its perigee
at day 10. At this time point, the levels of miR-15a were approximately
50% lower than those measured at day 0 (Figure 7A). c-myb mRNA
kinetics were less dramatic than those of miR-15a. Its levels were
relatively constant from day 0 through day 3, then declined by
approximately 60% on day 4 (compared with day 0). Thereafter, the
mRNA levels remained relatively unchanged at approximately 40% to
60% of day 0 value, through day 10 (Figure 7B). Interestingly, c-Myb
protein levels rose through day 4, and then began a gradual decline until
day 10, at which time Myb protein was approximately 10% of the levels
measured at day 0 (Figure 7C,D).

Inhibition of colony formation of hematopoietic progenitors by
miR-15a

Although the inverse relationship between miR-15a and Myb
protein was generally observed in the kinetic expression experi-
ments described immediately above, the likelihood of a more
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complex relationship under physiologic conditions was suggested.
Therefore, to substantiate the existence of a functional relationship
between miR-15a expression and normal hematopoiesis, we cotrans-
fected a miR-15a mimic or a 10-fold greater amount of a
nontargeting miRNA into whole normal human bone marrow
mononuclear cells or more purified CD34� cells. The transfected
cells were then assayed for the ability to form CFU derived
erythroid (Figure 8A,B), and granulocyte-macrophage derived
colonies (Figure 8C). Consistent with the data presented above,
CD34� cell–derived CFU-E (Figure 8A) and CFU-GM colonies
(Figure 8C) were inhibited by approximately 3- and 4-fold,
respectively, when transfected with the miR-15a mimic, compared
with cells transfected with the control miRNA.

To determine whether there was a specific stage of develop-
ment at which miR-15a expression might be particularly
important, whole normal marrow mononuclear cells (MNCs)
were transfected with either the miR-15a mimic, or control
miRNA and then cloned under conditions favoring growth of
either CFU-E or BFU-E (Figure 8B). In accord with the results
shown in Figure 8A, CFU-E derived colonies from whole MNCs
transfected with the miR-15a mimic were inhibited approxi-
mately 60% compared with control transfected cells. In contrast,
BFU-E derived colonies were inhibited only approximately
20%. In both cases, the differences in colony growth between
control and mimic treated cells was statistically significant
(P 
 .01). In aggregate, these results not only demonstrate that
miR-15a plays a role in regulating normal human hematopoietic
cell differentiation, they further suggest that miR-15a expres-

sion may be most important in regulating expression of c-Myb,
or other as yet unidentified genes, which govern the transition
from the BFU-E to CFU-E stage of development.

Discussion

Noncoding microRNAs are now well recognized as important
posttranscriptional regulators of gene expression.16,37-39 Their mecha-
nism of action has been intensively studied, and is known to be
exerted primarily through effects on suppressing mRNA transla-
tion, or less commonly by promoting mRNA physical destruction,
after hybridizing in the 3�UTR of the message.29 Bioinformatic
studies have suggested that the major targets of miRNAs are
transcription factors.40 This observation, and our laboratory’s
interest in c-myb and hematopoiesis, prompted us to determine
whether c-myb expression was subject to miRNA regulation in
developing myeloid cells.

An online search of the TargetScanS miRNA Target database
(http://genes.mit.edu/tscan/targetscanS2005.html(Ben lewis); ac-
cessed May 15, 2006) suggested that the 3�-UTR of the c-myb
mRNA could potentially be targeted by up to 14 miRNAs. Of these,
we selected miR-15a, miR-107, and miR-150, for further study for
the following reasons. First, since miR-15a and miR-107 are both
putative tumor suppressors,41,42 and might therefore naturally
counteract any oncogenic potential of c-Myb. Second, miR-150 is
highly expressed in developing T and B lymphocytes43 and, at least
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in developing B cells, has been reported to regulate c-myb expres-
sion in a stage-specific, dose-dependent manner.44 We were there-
fore interested in identifying potential interactions between of
miR-150 and c-Myb during myelopoiesis.

To explore a possible relationship between the expression of
these miRNAs and the expression of c-myb, we first examined
whether these 3 miRNAs could mediate the repression of a
luciferase/c-Myb-3�-UTR reporter construct in HEK293 cells, and
endogenous c-myb expression in K562 cells. Interestingly, and in
contrast to recent reports, miR-150 only slightly decreased the
activity of c-Myb driven luciferase activity. Although miR-15a and
miR-107 both reduced luciferase activity in the reporter cell line,
only miR-15a did so in conjunction with a down-regulation of
endogenous c-Myb protein level, suggesting that the effect of
miR-107 on luciferase expression, at least in this cell system, was
not due to a miRNA mediated inhibition of c-myb 3�-UTR driving
reporter activity.

To further confirm that miR-15a directly regulates c-Myb
expression, deletions of the miR-15a seed region were introduced
into the c-myb 3�-UTR immediately downstream of the luciferase
reporter construct used in these experiments (Figure 2A). These
deletions resulted in a dose-dependent loss of the inhibitory effect
of miR-15a on luciferase expression, indicating that these sites are
recognized by miR-15a and are used for suppression. Furthermore,
enforced expression of a miR-15a inhibitor in K562 cells increased
c-Myb expression, suggesting that endogenous miR-15a can modu-
late c-Myb expression in a relevant cell type as well. Consistent
with such an effect, our experimental results demonstrated that
overexpression of miR-15a in K562 cells caused an expected
cell-cycle block in G1, and that this blockade could be partially
rescued by overexpression of a c-myb mutant mRNA lacking the
miR-15a binding sites. It was perhaps curious that miR-15a had no
effect on the cell-cycle progression of HEK293 and Hela cells in
spite of the fact that these 2 cell lines could both be efficiently
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transfected with the miR-15a molecules used in our study. One
possible explanation for this finding is that since endogenous
c-Myb expression is essentially undetectable in HEK293 cells, and
is quite low in HeLa cells, c-Myb expression in these cell types is of
little significance and thus unlikely to be the subject of regulatory
influences. These results might also be explained by the previously
suggested possibility that regulation of c-Myb by miRNAs is
lineage specific.

With regard to the potential physiologic significance of miR-
15a, we found that its expression increased during PMA-induced
megakarycytic differentiation of K562 cells (data not shown).
A recent study also showed that miR-15a was elevated during
ATRA-induced NB4 myeloid differentiation.45,46 It is well docu-
mented that c-myb expression is down-regulated during these
processes,47 suggesting the possibility that miR-15a may play a

biologically relevant role in the inhibition of c-myb expression
during hematopoietic cell differentiation. We also found that
miR-15a inhibited both erythroid and myeloid colony formation
from CD34� bone marrow cells in vitro. These results are in accord
with previously reported effects of c-myb targeted antisense
oligodeoxynucleotides,11 and c-myb knockout studies in murine ES
cells,10 suggesting the intriguing possibility that miR-15a might
function a natural c-Myb inhibitor in hematopoietic cells. Nonethe-
less, the kinetic data presented in Figure 7 demonstrate that under
physiologic conditions the relationship between miR-15a and
c-Myb protein is likely complex, and may well be dependent on the
stage of development. In support of this hypothesis, we note that on
days 0 to 4, miR-15a levels are, except for the anomalous uptick on
day 1, low (Figure 7A), while c-Myb protein levels are high
(Figure 7C). Thereafter, miR-15a levels increase while c-myb
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mRNA declines. Finally, on days 8 and 10, when the cells in culture
have essentially completed their maturation routine, the inverse
relationship between miR15a and Myb protein is no longer
apparent. The erythroid colony data presented in Figure 8 provide
more direct evidence to support the hypothesis that miR-15a effects
are linked to stage of development. CFU-E were much more
susceptible to inhibition by the miR-15a mimic than BFU-E
suggesting that miR-15a expression may be most important in
regulating expression of c-Myb, or other as yet unidentified genes,
as cells transition from the BFU-E to CFU-E stage of development.

In addition to its role as regulator of c-Myb and normal human
hematopoiesis, our data also suggest a possible role for miR-15a as
a tumor suppressor. In this regard, miR-15a is located at chromo-
some 13q14 and deletions involving chromosome 13q14 are well
described in lymphoid and myeloid malignancies. Other reports
have shown that deregulated expression of miR-15a induces
apoptosis by targeting the antiapoptotic protein BCL2.33 Our study
suggests that miR-15a may contribute to cell-cycle control, and
function as an antioncogene, by suppressing c-myb mRNA transla-
tion. As BCL2 has also been found to be activated by c-Myb,48 the
interaction of miR-15a with c-Myb may constitute another regula-
tory component of the BCL2 expression pathway. In aggregate,
then, these findings lead us to hypothesize that mutations in
miR-15a precursors, or miR-15a binding sites in the c-myb
3�-UTR, might play a role in the pathogenesis of human malignan-
cies, those of hematopoietic origin in particular.

BecausMyb transcription factor directly binds the upstream
promoter region of the miR-15a/miR-16-1 cluster, and because this
binding leads to expression of miR-15a, we suggest that it is likely
that c-Myb regulates miR-16-1 expression as well. Since, as
discussed above, miR-15a and miR-16-1 can repress c-Myb
expression, we propose the existence of a negative autoregulatory
feedback loop between c-Myb, and the miR-15a/miR-16-1 cluster.
Furthermore, since c-Myb can up-regulate its own expression by
binding in the 5� flanking region of the c-myb gene,45 we suggest
that miR-15a/miR-16-1 might be a natural counterbalance, or
negative feedback loop, to fine tune c-myb expression. Disruption
of this feedback loop might lead to aberrant c-Myb activity and
contribute to malignant transformation.

Finally, although we believe that we have provided compelling
data to support our contention that miR-15a regulates c-Myb
expression, our data do not exclude the possibility that miR-150

and miR-107 may also interact with c-myb mRNA. Rather, we
propose that the 3 miRNAs examined in this study might, indepen-
dently or simultaneously, regulate c-Myb expression, depending on
the cellular context in which they were expressed. For example,
c-Myb has recently been reported to be a critical target of mir-150
during B-cell differentiation.43 Recent reports also suggest that
miR-16, another member of miR-16/miR-15 family, can induce
cell-cycle arrest.49,50 Interestingly, c-myb mRNA also harbors
miR-16 target sites. Therefore, it is reasonable to speculate that
c-Myb may be important for the phenotype caused by overexpres-
sion of miR-16 and be regulated by miR-16 as well. As was noted
above, 11 additional miRNAs were predicted to target c-Myb and
further studies will be necessary to determine their role in c-Myb
regulation.
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