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Lineage differentiation is a continuous process during which fated progenitor cells execute specific programs to
produce mature counterparts. This lineage-restricted pathway can be controlled by particular regulators, which
are usually exclusively expressed in certain cell types or at specific differentiation stages. Here we report that miR-
376a participates in the regulation of the early stages of human erythropoiesis by targeting cyclin-dependent kinase
2 (CDK2) and Argonaute 2 (Ago2). Among various human leukemia cell lines, miR-376a was only detected in K562
cells which originated from a progenitor common to the erythroid and megakaryotic lineages. Enforced expression
of miR-376a or silencing of CDK2 and Ago2 by RNAI inhibits erythroid differentiation of K562 cells. Hematopoietic
progenitor cells transduced with miR-376a showed a significant reduction of their erythroid clonogenic capacity.
MiR-376a is relatively abundant in erythroid progenitor cells, where it reduces expression of CDK2 and maintains
a low level of differentiation due to cell cycle arrest and decreased cell growth. Following erythroid induction, miR-
376a is significantly down-regulated and CDK2 is released from miR-376a inhibition, thereby facilitating the escape
of progenitor cells from the quiescent state into erythroid differentiation. Moreover, our results establish a functional
link between miR-376a and Ago2, a key factor in miRNA biogenesis and silencing pathways with novel roles in hu-
man hematopoiesis.
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Introduction

Normal erythropoiesis in adult humans generates
about 10" new red blood cells each day through the
commitment of hematopoietic stem cells into erythroid
progenitors, which subsequently differentiate into mature
red cells [1-3]. The resulting number of fully differenti-
ated red cells is precisely controlled to match physiologic
and developmental needs through a multi-stage process
regulated by complex intercellular networks. Under-
standing the regulatory mechanisms of erythroid differ-
entiation is of crucial importance to developing methods
for the manipulation of HSCs for use in the treatment of
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anemia.

MicroRNAs (miRNAs) are a class of endogenous
molecules that post-transcriptionally regulate target gene
expression [4-6]. In many cases, the identification of spe-
cific targets of miRNAs has highlighted important cel-
lular events and demonstrated that aberrant microRNA
expression is a common feature of many diseases [7-9].
Previously, several miRNAs have been identified as be-
ing involved in hematopoiesis through their target genes.
For example, miR-223 enhances retinoic acid (RA)-
induced granulocytic differentiation by targeting nuclear
factor I/A (NFIA) [10]; miR-155 transduction greatly
reduces both the myeloid and erythroid colony forma-
tion of normal human hematopoietic stem-progenitor
cells [11]; miR-221 and miR-222 inhibit normal eryth-
ropoiesis and erythroleukemic cell growth via kit protein
down-regulation [12]; miR-451 and GATA transcription
factors were shown to comprise a regulatory circuit that
modulates erythroid maturation [13-15]; miR-210 is



involved in increased expression of the y-globin gene in
differentiating erythroid cells [16]; and the up-regulation
of the let-7 miRNA family in circulating erythroid cells
is associated with the fetal-to-adult hemoglobin switch-
ing during human development [17]. Our previous work
has identified two regulatory miRNAs, miR-223 and
miR-103, that inhibit erythroid differentiation through
targeting LIM domain only 2 (LMO2) [18, 19] and fork-
head box J2 (FoxJ2) [20], respectively. Even consider-
ing these findings, relatively little is known about the
roles of this class of regulatory molecule in blood cell
differentiation, and additional of miRNAs involved in
hematopoiesis still need to be identified. Moreover, one
miRNA could target multiple proteins, thereby making
the analysis of a single miRNA an efficient method for
clarifying the complex connections involved in the regu-
latory networks of hematopoietic differentiation.
Clustered miRNAs had been profiled in leukemia cell
lines that represent different hematopoietic lineages [21].
Among them, miR-376a drew our attention because it
was restrictedly expressed in the K562 line, which origi-
nated from a progenitor common to the erythroid and
megakaryotic lineages, but not in the other leukemic cell
lines. Since K562 can undergo erythroid differentiation
upon hemin induction, we performed a functional analy-
sis of miR-376a in K562 cells. Enforced expression of
miR-376a blocked erythroid differentiation by targeting
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Ago2 and CDK?2. More importantly, the lentiviral vector-
mediated transduction of miR-376a into CD34+ stem/
progenitor cells (HPCs) delayed erythrocyte maturation
in erythroid cultures and prevented erythroid colony
formation in a semisolid medium. Our study demon-
strates that miR-376a functions as a negative regulator
in human erythropoiesis, a finding that should enable the
identification of additional novel mechanisms of normal
hematopoiesis, as well as leukemogenesis.

Results

A rapid decrease in miR-376a expression occurs in the
early stages of erythropoiesis

Previously, our study examining the organization and
expression of miRNA clusters showed that miR-376a
was specifically expressed in the K562 line, a myelog-
enous leukemia cell line with potential to megakaryocyte
and erythroid differentiation [21]. Following this work,
we performed another northern blot to characterize the
expression of miR-376a in twelve different leukemia cell
lines representing five hematopoietic lineages and found
that miR-376a expression was indeed specific to K562
cells, and it was not expressed in the other eleven he-
matopioetic cell lines examined, including HEL, which
is usually thought to be unipotent erythroid progenitors
(Figure 1A). Additionally, a human multiple-tissue ex-
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Figure 1 Detection of miR-376a expression in various cell lines and tissues and during erythroid differentiation. (A) Northern
blot analysis of various leukemia cell lines showing miR-376a expression is K562-specific. U6 snRNA is a loading control. (B)
Northern blot analysis of miR-376a expression in multiple human tissues. (C-D) Northern blot analysis and quantitative real-
time PCR showing a marked decrease of miR-376a levels in K562 cells after treatment with hemin for 6, 12, 24, and 48 h.
(E) Quantitative real-time PCR analysis of miR-376a expression in CD34+ HPCs induced into erythroid differentiation for 4,
6, and 9 days. Comparative miRNA real-time PCR was performed in triplicate and expression levels were normalized to U6

snRNA. Error bars represent standard deviation.
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pression profile showed that miR-376a was relatively
widely expressed in several tissues (Figure 1B). Since
miR-376a is detectable in K562 cells and K562 is more
potent than HEL, we hypothesized that miR-376a may
function in early erythroid differentiation. To test this
prediction, we induced K562 cells into erythroid dif-
ferentiation with hemin and measured miR-376a expres-
sion level by northern blotting. A significant reduction
in miR-376a was detected in K562 cells after 6 hours
of hemin treatment (Figure 1C). Similar results were
obtaind by quantitative real-time PCR (q-RT PCR) (Fig-
ure 1D). Furthermore, we isolated human CD34+ HPCs
from human cord blood and induced them into erythroid
differentiation. Following 4 days of induction, miR-376a
expression was markedly down-regulated (Figure 1E).
Taken together, these findings suggested that miR-376a
might act as a negative modulator of early erythropoi-
esis.

Enforced expression of miR-376a inhibits erythroid dif-
ferentiation

To examine whether miR-376a affects erythroid dif-
ferentiation, K562 cells were transfected with either pre-
miR-376a or a negative control. Twenty-four hours fol-
lowing transfection, the cells were treated with hemin to
induce erythroid differentiation, and then collected at 12,
24, 48, and 72 h post-induction. In K562 cells transfected
with the negative control, miR-376a immediately disap-
peared after the addition of hemin (Supplementary in-
formation, Figure SIA). However, a significant increase
in the level of miR-376a was detected at each time point
in cells treated with pre-miR-376a, which demonstrated
successful transfection and expression of pre-miR-376a
(Supplementary information, Figure S1A).

Benzidine staining was performed to identify hemo-
globin-containing cells, which are representative of dif-
ferentiated erythrocytes. Our results showed that over-
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Figure 2 Over-expression of miR-376a inhibits the erythroid differentiation of K562 cells and CD34+ HPCs. (A) Benzidine
staining of K562 cells that were untransfected, or transfected with a negative control precursor (negative control) or a miR-
376a precursor (Pre-miR-376a) were induced with hemin for 12, 24, 48, and 72 h. Pre-miR-376a reduces the percentage
of benzidine-positive cells at different time points. The fraction of benzidine-positive cells was determined by a benzidine
cytochemical test. Error bars represent the standard deviation and were obtained from three independent experiments. * indi-
cates P < 0.05, ** indicates P < 0.01. (B) Representative benzidine staining of un-transfected and transfected K562 cells fol-
lowing 24 and 72 h of hemin induction. (C-D) Quantitative real-time PCR analysis of y-globin and CD235A in the transfected
K562 cells after hemin induction for 12, 24, and 48 h. Real-time PCR analysis was performed in triplicate and the expression
levels of y-globin and CD235A mRNAs were normalized to GAPDH mRNA. Error bars represent standard deviation. (E)
Quantitative real-time PCR analysis of miR-376a in the CD34+ HPCs that were infected with a lenti-virus expressing mature
miR-376a (lenti-miR-376a) or a control virus (lenti-vector) and cultured in erythroid induction medium for the indicated time.
(F-G) Quantitative real-time PCR analysis of y-globin and CD235A in the CD34+ HPCs infected with the recombinant viruses
and cultured in erythroid induction medium for the indicated time.
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expression of pre-miR-376a reduced the proportion of
benzidine-positive cells following hemin-induced K562
erythroid differentiation (Figure 2A and 2B). Addition-
ally, a significant inhibition of y-globin expression (Figure
2C), accompanied by reduced expression of CD235a
(Figure 2D), was observed in K562 cells transfected
with pre-miR-376a as compared to cells transfected with
the negative control. These results suggested that the
enforced expression of miR-376a suppressed the hemin-
induced erythroid differentiation of K562 cells. We also
conducted a miRNA loss-of-function study using a miR-
376a inhibitor (Anti-miR-376a). The level of endogenous
miR-376a was reduced after treatment with Anti-miR-
376a (Supplementary information, Figure S1B). K562
cells treated with Anti-miR-376a showed an increase in
hemoglobin accumulation, as indicated by an increase
in benzidine-positive cells (Supplementary information,
Figure S2). These results suggest that the inhibition of
miR-376a expression promotes the hemin-induced eryth-
roid differentiation of K562 cells.

To further assess the role of miR-376a during normal
erythroid differentiation, we transduced CD34+ HPCs
with recombinant lentivirus harboring miR-376a (lenti-
miR-376a) and recombinant lentivirus harboring an
empty vector (lenti-vector) respectively. Twenty-four
hours following transduction, the cells were grown in an
erythroid culture medium to drive their selective differ-
entiation. After 4 days in the erythroid induction culture
medium, the expression level of miR-376a in the lenti-
miR-376a-infected cells was about 4-fold higher than in
the lenti-vector-infected cells (Figure 2E). Similar results
were observed at 6 and 9 days. As shown in Figure 2F
and 2G, at each time point examined, a marked decrease
in CD235a and y-globin expression was detected in
CD34+ cells treated with lenti-miR-376a as compared
to cells treated with lenti-vector. These results suggest
that the enforced expression of miR-376a in CD34+ cells
suppresses the erythroid differentiation of CD34+ HPCs.

miR-376a targets Ago2 and CDK?2

It is well known that miRNAs function by binding to
specific mRNA targets and interfering with their stabil-
ity or repressing their translation. As a beginning step
towards identifying the putative targets of miR-376a, we
performed a bioinformatic screen for mRNAs whose 3'
UTRs contained sequences complementary to miR-376a.
Results obtained from three different algorithms (Tar-
getScan, miRanda and PicTar) varied. We considered all
candidates related to erythropoiesis that were predicted
by these programs. Ago2 was one of the few predictions
identified by all three programs and that scored relatively
high. Recently, experimental evidence indicated that
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Ago2 controls the early development of mouse erythroid
cells in vivo [22-23]. Hematopoietic reconstitution with
Ago2” bone marrow cells showed a dramatic accumula-
tion of immature erythroid precursors and a decrease in
mature erythroblasts [22]. CDK2, a cyclin-dependent
kinase promoting G1/S transition, was another miR-376a
target candidate. Previously, investigators have suggested
that CDK2 contributes to the expansion phase at an early
stage of erythroid differentiation from CD34+ cells, and
its temporal up-regulation is necessary for the beginning
period of erythropoiesis [24]. The rapid proliferation of
erythroblasts may be due to the rapid transition of cells
from G1 to S phase [24].

Bioinformatic analysis predicted that the seed se-
quence of miR-376a matches Ago2 mRNA nucleotides
2911 to 2 917 and CDK2 mRNA nucleotides 2 192 to 2
198, which are conserved in multiple mammals (Figure
3A, 3B). To validate the results of our screening, we
first determined the effect of miR-376a on reporter con-
structs carrying the entire 3" UTR of Ago2 (Ago2 WT)
and CDK2 (CDK2_WT) mRNAs (Figure 3A and 3B) by
luciferase reporter assay in Hela cells. As expected, the
luciferase activities of Ago2 WT and CDK2 WT were
remarkably down-regulated in Hela cells transfected
with pre-miR-376a, while the luciferase activities were
unaffected in cells transfected with the negative control
(Figure 3C, 3D and Supplementary information, Figure
S2). In contrast, the luciferase activities of Ago2 WT
and CDK2 WT were up-regulated in K562 cells treated
with Anti-miR-376a (Supplementary information, Figure
S3). Furthermore, we generated two other luciferase con-
structs bearing mutated nucleotides at the putative target
sites in the 3" UTRs of 4go2 (Ago2 MUT) and CDK2
(CDK2_MUT) (Figure 3A and 3B). The mutations pre-
vented miR-376a from interfering with luciferase activ-
ity, indicating that the 3' UTRs of Ago2 and CDK?2 are
indeed targets of miR-376a (Figure 3C and 3D).

We then explored whether the endogenous Ago2 and
CDK2 in K562 cells were affected by miR-376a. To this
aim, qRT-PCR and western blot analysis were performed
to measure the mRNA and protein expression levels of
the two gene products after cell transfection with the
microRNA. Transfection of K562 cells with pre-miR-
376a led to a marked reduction in the protein expression
levels of Ago2 and CDK2 (Figure 3E), whereas almost
no effect was observed on the mRNA levels (Figure 3F
and Supplementary information, Figure S4). Conversely,
the protein expression levels of Ago2 and CDK2 were
significantly increased after endogenous miR-376a was
blocked with miR-376a inhibitor (Figure 3G, 3H and
Supplementary information, Figure S4). Considered
together, these results provide experimental support for
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Figure 3 Ago2 and CDK2 are targets of miR-376a. (A-B) Sequences of the miR-376a binding sites within the human Ago2
and CDK2 3' UTRs and schematic reporter constructs. Shaded areas represent the conserved complementary nucleotides of
the miR-376a seed sequence in various mammals (Hs, human; Mm, mouse; Rn, rat; Cf, chicken). Ago2_WT and CDK2_WT
represent the reporter constructs containing the entire 3' UTR sequences of Ago2 and CDK2. Ago2_MUT and CDK2_MUT
represent the reporter constructs containing mutated nucleotides. (C-D) Luciferase activities of Ago2_WT and CDK2_WT
showing that pre-miR-376a inhibits the luciferase activity of these two constructs as compared with their respective mutated
constructs. Error bars are derived from three experiments in triplicate. ** indicates P < 0.01. (E) Immunoblotting for Ago2 and
CDK2 in extracts from K562 cells transfected with pre-miR-376a showed an obvious decrease in protein expression 48 h
after cell transfection. (F) Relative expression of Ago2 and CDK2 in total RNA from K562 cells transfected with pre-miR-376a
(gray bars) or negative control (blank bars) was analyzed 48 h after cell transfection. (G) Immunoblotting for Ago2 and CDK2
in extracts from K562 cells transfected with Anti-miR-376a showed an obvious increase in protein expression 48 h after cell
transfection. The signal in each lane was quantified using ImagedJ software and the ratio of Ago2 or CDK2 to GAPDH was
determined. (H) The relative expression of Ago2 and CDK2 in total RNA from K562 cells transfected with Anti-miR-376a or
negative control was analyzed 48 h after cell transfection. GAPDH was used as an internal control. The specificity of each
reaction in real-time PCR was assessed with a melting curve and t-test. All data are shown as mean = S.D. and are based on
three independent experiments.

the idea that Ago2 and CDK2 expression are negatively
regulated by miR-376a in erythroid cells.

Over-expression of miR-376a results in the arrest of
erythroid differentiation due to Ago2 down-regulation
The requirement for Ago2 in mouse erythroid devel-
opment suggests the possibility that Ago2 may also func-
tion in human erythroid differentiation [22]. To examine
the effect of Ago2 in human erythropoiesis, we first con-

firmed by western blot analysis that the expression level
of Ago2 was significantly increased in K562 cells after
hemin induction (Figure 4A), whereas the 4go2 mRNA
level was not affected by hemin treatment (Supplementary
information, Figure S5). Thus, we reasoned that interfer-
ing with Ago2 expression in human erythroid progeni-
tor cells (such as K562) might have inhibitory effect on
differentiation. As expected, the reduction of Ago2 level
(Figure 4B) caused by small interfering RNA (si_Ago2)
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Ago2 and GAPDH in extracts from K562 cells 48 h after transfection with a control siRNA (si_Control) or a siRNA for Ago2 (si_
Ago2). The results showed a significant decrease in Ago2 expression in the cells transfected with si_Ago2. (C) Quantitative
real-time PCR analysis of y-globin expression in K562 cells induced by hemin for 24 and 48 h after cell transfection with si_
Control or si_Ago2. Comparative real-time PCR was performed in triplicate and the expression level of y-globin mRNA was
normalized to GAPDH mRNA. Error bars represent standard deviation. (D) Immunoblotting of Ago2 and GAPDH in extracts
from K562 cells induced by hemin for 24 and 48 h after treatment with pre-miR-376a or the negative control. (E) Normalized
expression of Ago2 in D by ImageJ software. (F) Quantitative real-time PCR analysis of miR-451, 144, 126, 210, and 15a
expression in K562 cells following pre-miR-376a or negative control transfection for 24 h. (G) Immunoblotting of Ago2 and
GAPDH in extracts from K562 cells that were transfected with pre-miR-376a or the negative control for 24 h and then subse-
quently treated for another 48 h with different combinations of pcDNA-Ago2 or pcDNA-empty, and pre-miR-376a or negative
control precursor. (H) Quantitative real-time PCR analysis of y-globin and CD235A expression in K562 cells that were trans-
fected with pre-miR-376a or the negative control for 24 h, subsequently treated for another 24 h with either pcDNA-Ago2 or

pcDNA-empty, and then exposed to hemin induction for 48 h. * indicates P < 0.05.

transfection resulted in a marked decrease in y-globin ex-
pression (Figure 4C), indicating that down-regulation of
Ago2 inhibits the proper differentiation of human eryth-
rocytes.

Having established the role of Ago2 in erythroid
differentiation, we next investigated the mechanism by
which miR-376a regulates erythroid differentiation via
Ago2. Ago2 demonstrates nucleolytic activity in siRNA
and miRNA biogenesis [25, 26]. To date, two labs have
reported a dicer-independent miRNA biogenesis pathway
that requires Ago2 catalysis [27, 28]. Therefore, the ob-
servation that Ago2 modulates erythroid differentiation
can be partly explained by its involvement in miRNA
activity, especially of those miRNAs involved in eryth-
ropoiesis. Therefore, we explored whether an increase
of miR-376a was able to disturb the expression of other
endogenous miRNAs, such as miR-451, miR-144, miR-
210, and miR-15a, through the down-regulation of Ago2.
The first three of these selected miRNAs were previ-
ously experimentally validated as promoters of erythroid
differentiation [13-16]. Indeed, the levels of miR-451,
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miR-144, and miR-210 were markedly reduced in pre-
miR-376a-transfected K562 cells during hemin-induced
erythroid differentiation (Figure 4D-4F). To clarify
whether the down-regulation of these miRNAs was asso-
ciated with the decrease in Ago2 levels caused by miR-
376a, we measured the expression of miRNAs in K562
cells treated with si_Ago2. Similarly, silencing of 4go2
led to decreased miR-451, miR-144, and miR-210 levels
(Supplementary information, Figure S6). Taken together,
we believe these results indicate that one of the mecha-
nisms by which miR-376a inhibits erythroid differentia-
tion is by modulating Ago2 levels and blocking the up-
regulation of certain miRNAs.

Although the functional significance of miR-376a
and Ago2 with respect to erythroid differentiation has
been clarified, and the regulatory interaction between
them has been proposed, the direct relationships between
miR-376a, its targets (such as Ago2), and cell pheno-
type remain unclear. Previous studies adopted a ‘rescue’
methodology to validate whether a miRNA is able to
affect downstream signal pathways by the direct regula-
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tion of its targets [29]. We chose this strategy in order
to examine the functional relevance of the miR-376a/
AGO?2 interaction in erythroid differentiation. K562 cells
were transfected with two constructs, one containing the
entire Ago2 cDNA sequence (pcDNA-Ago2) and one,
the miR-376a precursor (pre-miR-376a). Additional cells
were transfected with the respective negative controls
in place of one or both of these constructs, as follows:
(1) pre-miR-376a and pcDNA-Ago2; (ii) pre-miR-376a
and pcDNA-empty; (iii) scrambled dsRNAs (microRNA
negative control) and pcDNA-Ago2; (iv) scrambled
dsRNAs and pcDNA-empty. We also determined that
optimal results (i.e. the most significant change in Ago2
levels) are achieved when co-transfection of the two
constructs follows a previous treatment with pre-miR-
376a or the negative control. As expected, Ago2 protein
levels were observed to be highest in cells co-transfected
with scrambled dsRNAs and pcDNA-Ago2 (Figure 4G,
lane 3), moderate in cells co-transfected with pre-miR-
376a and pcDNA-Ago2 (Figure 4G, lane 1), and lowest
in cells co-transfected with pre-miR-376a and pcDNA-
empty (Figure 4G lane 2). In other words, down-regu-

G1:35.1% G1: 36.9% G1: 44.2%
Y-globin/K562 §s20% 5:50.8% s ai%
+
=
3h 6h 12h 24h  E
G1:19.2 G1:12.2 G1:16.9 G1:43.7 T |
5:61.6 5:69. 5:63.5 5: 436
| | i
H
i A 4
G1:24.7 G1:23.7 ™ G1:25.7 * G1:47.0"
S 7.1 : 5:39.6

lation of Ago2 by the initial introduction of pre-miR-
376a was enhanced by pre-miR-376a re-introduction
(Figure 4G, lane 2), whereas it was successfully rescued
by pcDNA-Ago2 transfection (Figure 4G, lane 1). Inter-
estingly, the expression levels of two erythroid marker
genes, y-globin and CD235a, were correlated with the
level of Ago2 in K562 cells; that is, introduction of Ago2
to rescue its silencing by pre-miR-376a treatment led to
enhanced differentiation (Figure 4H). Furthermore, the
erythroid-related miRNA (such as miR-451 and miR-
144) levels were also increase when Ago2 was rescued
(Supplementary information, Figure S7). Since the cata-
Iytic activity of Ago2 is known to be essential to mature
miR-451 expression [27], we also constructed a catalyti-
cally dead Ago2 (pcDNA-Ago2 Mut) with a substitution
of alanine for the aspartate residue in the catalytic DDH
motif. We performed a similar “rescue’ assay with the
inclusion of pcDNA-Ago2 Mut, and miR-451 showed
the most significant reduction in transfection groups con-
taining pcDNA-Ago2 Mut when compared to pcDNA-
Ago2 WT, suggesting the requirement of Ago2 catalysis
for miR-451 biogenesis (Supplementary information,
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Figure 5 MiR-376a inhibits erythroid proliferation by targeting CDK2 in early erythroid differentiation. (A) Immunoblotting of
CDK2 in extracts from K562 cells that were induced with hemin for 3, 6, 12, and 24 h. GAPDH serves as a loading control.
(B) Immunoblotting of CDK2 and GAPDH in extracts of K562 cells 48 h after transfection with a control siRNA (si_Control)
or a siRNA for CDK2 (si_CDK2). The results showed a decrease in CDK2 expression in the cells transfected with si_ CDK2.
(C) Quantitative real-time PCR analysis of y-globin expression in K562 cells induced by hemin for 24 and 48 h after si_
Control or si_CDK?2 transfection. Comparative real-time PCR was performed in triplicate and the expression level of y-globin
was normalized to GAPDH mRNA. Error bars represent standard deviation. (D) Cell cycle analysis of K562 cells that are un-
induced or induced by hemin for 24 h after 24 h cell transfection with si_Control or si_ CDK2. Inhibitory S phases are seen in
the si_CDK-transfected cell cycle image. (E) Immunoblotting of CDK2, phosphorylated RB, total RB, and GAPDH in extracts
from K562 cells induced by hemin for 3, 6, 12, and 24 h after cell transfection with pre-miR-376a or the negative control. The
signal in each lane was quantified using ImagedJ software and the ratio of CDK2, pRB, and tRB to GAPDH was determined.
(F) Cell cycle analysis of K562 cells that are un-induced or induced by hemin for 3, 6, 12, and 24 h after cell transfection with
pre-miR-376a or the negative control. *P < 0.05; **P < 0.01.
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Figure S8). These findings demonstrate that miR-376a
modulates erythroid differentiation by directly down-
regulating Ago2 expression.

miR-376a represses erythroid cell cycle progression by
targeting CDK?2

CDK2 is an important kinase involved in the regula-
tion of cell cycle and cell proliferation. It has been shown
to be necessary for primary human erythroid differentia-
tion during the expansion stage of erythroid progenitor
cells [24]. In K562 cells, the addition of hemin will also
trigger a rapid increase in cell number specifically in
the early phases of differentiation [30]. We speculated
that CDK2 is, to some extent, required for the expansion
phase of K562 erythropoiesis. To address this possibility,
western blot analysis was used to assess the expression
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level of CDK2 throughout K562 differentiation. During
the first 6 hours of hemin treatment, the CDK2 level was
observed to undergo a rapid, transient increase, followed
by a decline after 12 hours (Figure 5A). However, the
mRNA level of CDK2 was almost unchanged (Supple-
mentary information, Figure S4). This early increase in
CDK2 expression is accompanied by reduced miR-376a
expression (Figure 1C), suggesting the functional impli-
cation of miR-376a and CDK2 in this process. Moreover,
the treatment of K562 cells with a small interfering RNA
against CDK2 (si_CDK2) led to a continuous decrease
in the y-globin level after hemin addition (Figure 5B and
5C). Loss of erythroid marker accumulation was paral-
leled by a reduction in cell numbers at S phase (Figure
5D), suggesting the essential role of CDK2 in regulating
cell proliferation during K562 differentiation. Therefore,
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Figure 6 CDK2 is required for miR-376a-directed erythroid differentiation inhibition. (A) Immunoblottings of CDK2 in extracts
of K562 cells. The cells were transfected with pre-miR-376a or the negative control. After a 24 h transfection, the K562 cells
were subsequently treated for another 24 h with different combinations of pcDNA-CDK2 or pcDNA-empty, and pre-miR-376a
or the negative control precursor. GAPDH serves as a loading control. (B) Cell cycle analysis of K562 cells. K562 cells were
transfected with pre-miR-376a or the negative control for 24 h and then were treated with different combinations of pcDNA-
CDK2 or pcDNA-empty, and pre-miR-376a or the negative control precursor. This was followed by hemin induction for 3, 6,
12, and 24 h. (C) Quantitative real-time PCR analysis of y-globin and CD235A in K562 cells that were transfected with pre-
miR-376a or the negative control for 24 h and then treated with different combinations of pcDNA-CDK2 or pcDNA-empty, and
pre-miR-376a or the negative control precursor for anther 24 h. This was followed by hemin induction for 24 h. Comparative
real-time PCR analysis was performed in triplicate and the expression levels of y-globin and CD235A mRNA were normalized
to GAPDH mRNA. Error bars represent standard deviation. * indicates P < 0.05.
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Figure 7 MiR-376a inhibits the erythroid differentiation of CD34+ HPCs. (A) Immunoblotting of Ago2 and CDK2 from extracts
taken during the erythroid differentiation of CD34+ HPCs. The CD34+ HPCs were infected with lenti-miR-376a or lenti-vector

and exposed to erythroid induction in liquid culture medium.
used for western blot analysis. GAPDH was also detected

The cells were collected at 2, 4, 6, and 9 days of the culture and
for a loading control. (B-C) Normalized expression of Ago2 and

CDK2 in A by ImagedJ software. (D) Detection of the degree of erythroid differentiation at days 5, 10, and 15 of the erythroid
induction culture of CD34+ HPCs infected with lenti-miR-376a or lenti-vector. Percentages of basophilic (Bas), polychromato-
philic (Pol), and orthochromatic (Ort) erythroblasts, and erythrocytes (Ery) were determined by Giemsa staining of cytospin
preparations. The results are the mean + S.D. from three independent experiments. (E) Representative Giemsa staining of
CD34+ HPCs infected with the viruses at days 5 and 10 of the erythroid induction culture. (F-G) A comparison of the erythroid
colony-forming capacity of HPCs transduced with miR-376a and with empty vector. Mean + S.D. were obtained from three
independent experiments. (H) Representative erythroid-colony forming assays at day 15 of an erythroid induction culture of

CD34+ HPCs in semisolid media.

disturbance of the normal cell cycle progression in pro-
genitor cells results in the subsequent inhibition of cell
growth and differentiation.

The above observations suggest that a transient in-
crease of CDK2, possibly caused by a reduction in the
level of miR-376a, may play a role in driving K562 cells
toward erythroid differentiation. To test this possibility,

we measured the effects of miR-376a on K562 cell cycle
regulation. Consistent with our previous experiments,
treatment with pre-miR-376a reduced CDK2 levels and
resulted in a concomitant decrease in phosphorylated
retinoblastoma 1 (RB) protein (Figure SE), and cell cycle
arrest at G1/S transition (Figure 5F). Accordingly, pre-
miR-376a treatment inhibited K562 cell growth (Supple-
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mentary information, Figure S9).

Moreover, in a “rescue’ assay similar to the one de-
scribed above, transfection with a pcDNA-CDK2 construct
to restore CDK2 levels following pre-miR-376a treatment
resulted in increased cell numbers at S phase (Figure 6A
and 6B), accompanied by increased y-globin and CD235a
expression (Figure 6C). Thus, we conclude that the repres-
sion of erythroid differentiation by miR-376a is partially the
consequence of impaired cell growth caused by decreased
CDK2 expression and delayed G1/S transition.

Over-expression of miR-376a inhibits the erythroid dif-
ferentiation of HPCs via down-regulation of Ago2 and
CDK2

To assess the physiological relevance of miR-376a and
its two targets, Ago2 and CDK2, in normal erythropoi-
esis, CD34+ HPCs infected with lenti-miR-376a or lenti-
vector (negative control) were allowed to undergo eryth-
roid induction in liquid culture medium and were harvested
at the indicated days. As shown in Figure 2E, lenti-miR-
376a infection resulted in a level of miR-376a expression
that was about four times higher than that of HPCs infected
with lenti-vector. Accordingly, the protein levels of Ago2
and CDK2 were markedly reduced in lenti-miR-376a-
infected cells when compared with the empty vector-treated
HPCs (Figure 7A). The quantitative analysis of western
blot results is shown in Figure 7B and 7C. In agreement
with the results from K562 cells, Ago2 displayed increased
expression during CD34+ erythroid differentiation, while
CDK2 showed accumulation only in the early stage of dif-
ferentiation (Figure 7A-7C).

One of the direct roles ascribed to CDK2 is an influ-
ence on cell growth. Since miR-376a can reduce CDK2
expression in normal erythropoiesis, we reasoned that over-
expression of miR-376a might inhibit cell proliferation
in HPCs. As expected, HPCs treated with lenti-miR-376a
underwent proliferation arrest as compared with the lenti-
vector-treated cells (Supplementary information, Figure
S9). Morphological analysis of primary erythroid cell dif-
ferentiation showed a significant increase in the proportion
of immature erythroblasts (basophilic and polychromatic
erythroblasts) in lenti-miR-376a-treated cells and a concom-
itant decrease in mature erythroblasts (orthochromatic and
erythrocyte), as evaluated at different differentiation stages
(Figure 7D). Figure 7E shows the representative Giemsa
staining analysis of cells after five and ten days of erythroid
culture, respectively. The lenti-miR-376a-transduced cells
exhibited impaired erythropoiesis as compared with lenti-
vector-treated cells (Figure 7E).

We next performed colony formation assays on meth-
ylcellulose medium to evaluate the capacity of miR-376a
to regulate primary erythroid differentiation. Lenti-miR-
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376a- and lenti-vector-transduced CD34+ cells were
plated in semisolid cultures (one day after infection).
The numbers of CFU-Es and BFU-Es colonies were
scored after 7 and 14 days of culture. The erythrocytic
clonogenic capacity of HPCs over-expressing miR-376
was reduced to about 65% of the control value (Figure
7F and 7G). Accordingly, HPCs treated with lenti-miR-
376a formed a significantly less number of colonies than
control lenti-vector-treated cells (Supplementary infor-
mation, Figure S10). Figure 7H shows the representa-
tive micrograph of BFU-Es of HPCs infected with lenti-
miR-376a after 14 days of culture compared with lenti-
vector-treated cells. The introduction of miR-376a to
HPCs caused a dramatic decrease in the size of BFU-E
colonies, to an average size of 50 cells per colony (typi-
cal BFU-E colony contains 64 or more hemoglobinized
cells). Taken together, these results demonstrated an
inhibitory effect of miR-376a on normal erythroid differ-
entiation.

Discussion

Lineage commitment and differentiation are a continu-
ous process during which fated progenitor cells execute
specific differentiation programs to produce mature coun-
terparts. Each lineage-restricted pathway can be achieved
through the action of several particular regulators, which
are exclusively expressed at proper stages of differentia-
tion. Our results show that miR-376a, whose expression
is limited to the early stages of erythroid differentiation,
down-regulates 4go2 and CDK2, thereby inhibitting pro-
genitor cell growth and differentiation. Several studies
have reported a handful of miRNAs that are differentially
expressed in CD34+ HPCs or K562 cells following the
induction of erythroid differentiation, and that regulate
erythroid differentiation through their target mRNAs,
such as miR-221, miR-222 [12], miR-451, miR-144 [13-
15], miR-210 [16], and let-7d [17], etc. However, miR-
376a was rarely mentioned in these studies. We think
this may be because its expression is limited to particular
developmental stages or cell types.

In this study, we used human erythroleukemia K562
cells as an in vitro model of erythropoiesis because they
have been proven to be a powerful tool for investigating
erythriod cell development [31, 32]. We found that miR-
376a is detectable in K562, but not in other leukemia cell
lines. This kind of specificity of expression is observed
for other regulators that are specifically expressed in
certain phases or cell types and are involved in cell fate
determination or lineage commitment. Furthermore,
miR-376a expression was dramatically decreased in
K562 cells and CD34+ HPCs during early erythroid dif-
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ferentiation, indicating that it may function as a negative
regulator in this ‘priming’ process. Previous studies have
reported a ‘priming’ state in the commitment process of
HPCs to the erythroid lineage [13]. This priming state
consists of various key events, such as the reprogram-
ming of internal gene expression patterns and entrance
into cell cycle. Notably, miR-376a expression changed
markedly during the early stages of erythroid differentia-
tion, suggesting that the specificity of miR-376a down-
regulation may contribute to the priming state of dif-
ferentiation. The decline of miR-376a expression may
unblock other functional proteins and promote erythro-
poiesis.

Ago?2 is the only member of Argonaute family that has
retained catalytic competence and it is uniquely required
for viability in mice [33]. A well-known characteristic
of Ago2 is its catalytic activity in the miRNA-directed
cleavage of target mRNAs and in miRNA biogenesis [26,
34-36]. Homozygous Ago2 mutant mice demonstrate ob-
vious anaemia and severe defects in erythropoiesis, and
die shortly after birth [27]. The arrest in the maturation
of erythroid precursors caused by Ago2 deficiency can be
explained by either its catalysis-independent or cleavage-
dependent roles in the transition of cells from progeni-
tors to mature erythroblasts. However, the function of
Ago2 in human erythropoiesis has not been reported
previously. The results reported here suggest that Ago2
also participates in controlling human erythroid differ-
entiation. Moreover, over-expression of miR-376a, via
its ability to negatively regulate Ago2 expression, may
suppress erythroid differentiation through inhibition of
Ago2, which is required for miRNA biogenesis. This is
consistent with the report that Ago2 catalytic deficiency
results in a strong reduction in miR-451, whose expres-
sion is indispensable to erythrocyte maturation [26, 27].

Cell proliferation and cell differentiation are delicately
connected [37, 38]. They can either be coupled, as they
are at the initiation of differentiation, or conflicting, as
during terminal differentiation, when the cell withdraws
from the cell cycle; this relationship is dependant on the
precise stage of differentiation at which the cell division
occurs [24, 39, 40]. An expansion phase during the early
stages of erythroid differentiation, during which the qui-
escent progenitors are released to a proliferative state, is
necessary for subsequent events in erythropoiesis [3, 41],
and the high proliferation potential of early erythroblasts
is associated with the temporal up-regulation of CDK2
[24, 42]. In this study, we show that CDK2 is a direct
target of miR-376a. Down-regulation of miR-376a after
hemin treatment unblocks CDK?2 expression and acceler-
ates cell division in K562 cells, thus insuring the rapid
proliferation of early erythroblasts. We reasoned that

this highly proliferative state is needed for the commit-
ted progenitor to execute its subsequent differentiation
program. In contrast, over-expression of miR-376a sup-
pressed CDK2-dependent progenitor cell proliferation
and resulted in arrested erythroid maturation. This is con-
sistent with a previous report that the level of osteoblas-
tic differentiation was lower when cell proliferation was
inhibited [43]. Therefore, miR-376a modulates erythroid
differentiation partly via interfering with cell cycle pro-
gression. Taken together, our results indicate that the
erythroid-specific miR-376a regulates erythropoiesis in
both K562 and HPCs by targeting the two ubiquitously
expressed genes, Ago2 and CDK?2.

MiR-376a demonstrates relatively universal expres-
sion among different tissues, such as brain, kidney, bone
marrow, heart, ovary, and stomach. However, only lim-
ited attention has been paid to this miRNA. This may
be because it is difficult to detect and is only expressed
in certain cell types or developmental stages. MiR-376a
was initially cloned from pancreas cells and was shown
to have increased expression in pancreatic cancer cells
[44]. K562 is also a tumor cell line, which was estab-
lished from a patient with chronic myologenous leuke-
mia (CML) [31]. It was characterized as arising from a
highly undifferentiated progenitor of the erythrocytic and
megakaryocytic lineages [32]. The relatively high ex-
pression of miR-376a in K562 may partly contribute to
the erythroid differentiation arrest and malignant trans-
formation of these cells.

Materials and Methods

Cell lines and cell culture

The following human leukemia cell lines were used in this
study: K562 (human chronic myelogenous leukemia cell line),
HEL (human erythroleukemia cell line), HL-60 (human promy-
elocytic leukemia cell line), Jurkat (human acute T cell leukemia
cell line), HUT-78 (human T lymphoma cell line), CMK (human
megakaryoblastic leukemia cell line), 3D5 (human B cell line),
Raji (human B-non-Hodgkin’s lymphoma cell line), THP-1 (hu-
man monocytic leukemia cell line), and Hela (human epithelial
carcinoma cell line). All of these cells were maintained in DMEM
supplemented with 10% fetal bovine serum (GIBCO, NY, USA).
For induction of erythroid differentiation in K562 cells, 30 uM
hemin (Sigma-Aldrich, Deisenhofen, Germany) was added to the
medium for the duration of the experiment. Benzidine staining was
used to detect hemoglobin-positive cells.

Oligonucleotides, constructs, cell transfection, and dual lu-
ciferase assays

MiRNA-376a precursor molecules (pre-miR-376a) and nega-
tive control molecules (scrambled dsRNAs) (AM17100) were
obtained from Ambion (Ambion, TX, USA) and transfected, using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), into K562
cells at a final concentration of 60 nM.
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MiR-376a inhibitor molecules (Anti-miR-376a) and negative
control molecules (negative control) (AM17010) were obtained
from Ambion and used as above.

Ago2 siRNA, CDK2 siRNA, and negative control siRNA pools
(D-001206-13-05) were synthesized by Dharmacon and trans-
fected into K562 cells (200 nM) using Lipofectamine 2000. Cells
were cultured for 48 h and harvested for western blot analysis as
described below.

The reverse complementary sequence of miR-376a was insert-
ed into pRL-TK downstream of the Renilla luciferase gene (Pro-
mega, WI, USA) to generate a reporter system (pRL-TK-miR-376a)
to detect mature miR-376a expression in K562 and Hela cells. The
3" UTRs of human Ago2 and CDK2 mRNAs were PCR amplified
and cloned into pRL-TK to generate the Ago2 reporter (PRL-TK-
Ago2) and CDK2 reporter (pRL-TK-CDK?2). Mutations in these
two mRNA sequences were created using the QuickChange Site-
Directed Mutagenesis kit (Stratagene, CA, USA). The Hela and
K562 cells were co-transfected with 0.4 ug of the reporter con-
struct, 0.2 pg of pGL-3 control vector, and pre-miR-376a or nega-
tive controls. Cells were harvested 24 h post-transfection and as-
sayed with Dual Luciferase Assay (Promega, WI, USA) according
to manufacturer’s instructions. All transfection assays were carried
out in triplicate (Supplementary information, Table S1).

Rescue assays of AGO2 and CDK2 gene expression

The full length Ago2 and CDK2 ¢cDNAs (which included the
ORF and 3’ UTR) were PCR amplified and cloned into pcDNA3.1
to generate the pcDNA-Ago2 and pcDNA-CDK2 constructs,
which were used in the rescue assays. K562 cells in 6-well plates
were first transfected with pre-miR-376a or scrambled dsRNAs (60
nM). After 24 h in culture, these K562 cells were then co-transfect-
ed with either pre-miR-376a (30 nM) and 2.0 ng pcDNA-Ago2/
pcDNA-CDK2, pre-miR-376a (30 nM) and 2.0 pg pcDNA-empty,
scrambled dsRNAs (30 nM) and 2.0 pg pcDNA-Ago2/ pcDNA-
CDK2, or scrambled dsRNAs (30 nM) and 2.0 pg pcDNA-empty
12 h before hemin induction. Cells were harvested at indicated
time points after hemin addition and assayed as required.

RNA isolation and quantitative real time RT-PCR

Total RNA was extracted from the harvested cells using Trizol
reagent (Invitrogen, CA, USA) according to the manufacturer’s in-
structions. Small RNAs ( <200 nt) were extracted from cells using
the mirVana miRNA Extraction Kit (Ambion, TX, USA) accord-
ing to the manufacturer’s instructions.

The RNA was quantified by absorbance at 260 nm. cDNA was
synthesized from 2 pg of total RNA or 20 ng of small RNA us-
ing M-MLV reverse transcriptase (Invitrogen). Oligo (dT),; were
used as the RT primers for the reverse transcription of mRNAs.
According to Chen's report, stem-loop RT primers were used for
the reverse transcription of miRNAs [45]. Quantitative RT-PCR
was carried out using the ABI PRISM 7500 real-time PCR Sys-
tem (Applied Biosystems, CA, USA) using the SYBR Premix Ex
Taq kit (Takara, Dalian, China) according to the manufacturer’s
instructions. For mRNAs, the data were normalized using endog-
enous GAPDH as a control. For miRNAs, U6 snRNA was used
as the endogenous control. The comparative Ct method was used
to quantify target genes relative to their endogenous control. For
each individual analysis, one of the samples was designated as the
calibrator and given a relative value of 1.0. All quantities were ex-
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pressed as n-fold relative to the calibrator.

Northern blots and western blots

Northern blot analysis of miRNAs was performed as described
previously [21]. Western blot analysis was performed as described
previously [46] and membranes were blotted with antibodies for
Ago2 (Millipore, MA, USA), CDK2 (Becton-Dickinson, NJ,
USA), RB, phosphorylated RB (p-RB), and GAPDH (Abcam,
Cambridge, UK). Immunoblots were quantified by ImageJ soft-
ware.

Flow cytometry

For the detection of intracellular DNA, harvested cells were
washed twice with PBS and fixed in 75% ethanol at 4 °C over-
night. Following two washes with ice-cold PBS, the fixed cells
were incubated in RNaseA (20 pg/mL) at 37 °C for 30 m, and then
stained with PI (propidium iodide) (0.5 mg/mL) at 4 °C for 30
min. Cells were washed with BSA/PBS (1%) and resuspended in
500 ul PBS. Flow cytometric data detecting PI were acquired from
about 10’ cells using the Becton-Dickinson flow cytometer. All as-
says were carried out in triplicate. The average percentages of cells
in G1 and S phase are shown in Supplementary information, Table
S2 (corresponding to Figure SF) and Supplementary information,
Table S3 (corresponding to Figure 6B).

Isolation and erythroid induction culture of CD34+ he-
matopoietic stem/progenitor cells

Human umbilical cord blood (UCB) was obtained from normal
full-term deliveries after informed consent as approved by the
Research Ethics Committee of the Millitary General Hospital of
Beijing (Beijing, China). Mononuclear cell (MNC) fractions were
isolated from UCB by percoll density gradient (d = 1.077; Amer-
sham Biotech, Germany). CD34+ cells were enriched from MNCs
through positive immunomagnetic selection (CD34 MultiSort kit,
Miltenyi Biotec, Bergisch-Glad-bach, Germany). The purity of the
CD34+ cells isolated by this isolation system was more than 90%.
The CD34+ cells were cultured in IMDM supplemented with 30%
fetal bovine serum (GIBCO, NY, USA), 1% BSA, 100 uM 2-ME,
2 ng/mL recombinant human IL-3, 100 ng/mL recombinant human
SCF (PeproTech, London, UK), 2U/mL recombinant human EPO
(R&D Systems, MN, USA), 60 mg/mL penicillin, and 100 mg/mL
streptomycin. Cells were harvested every 3-5 days.

Lentivirus infection

The self-inactivating transfer vector plasmid containing miR-
376a (pMIR-376a) and the packaging kit were purchased from
System Biosciences (SBI, CA, USA) and used according to the
manufacturer’s instructions. The recombinant lentivirus particles
(lenti-miR-376a and control lenti-vector) were harvested and
added to the CD34+ cell culture medium. Cells were washed the
next day with PBS and plated for colony-forming experiments and
liquid cultures.

Proliferation assay

To measure the effect of miR-376a on cellular proliferation
rates, K562 cells were transfected with pre-miR-376a or control
precursor and cultured in normal culture media at 37 °C. CD34+
HPCs were infected using lenti-miR-376a or lenti-vector and cul-
tured in liquid medium. The percentage of viable cells was deter-
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mined by trypan blue staining at 24, 48, and 72 h post-transfection,
or 3, 5, 10, and 14 days post-infection.

Colony forming assay and Giemsa staining

The colony forming cell assay was performed in triplicate us-
ing human methylcellulose media (R&D Systems, MN, USA)
according to the manufacturer’s instructions. Human CD34+ cells
were cultured in 35-mm plates with medium containing 1.3%
methylcellulose, 25% FBS, 2% bovine serum albumin, 2 mmol/L
L-glutamine, 0.05 mmol/L 2-mercaptoethanol, 50 ng/mL stem cell
factor (SCF), 10 ng/mL interleukin-3 (IL-3), and 2U/mL erythro-
poietin (EPO). To quantify the number of CFU-Es colonies, the
dishes were examined for hemoglobinized and colonies with 8 or
more cells on day 7 of culture. BFU-Es was scored on day 14
and identified as large aggregates of 64 or more hemoglobin-
ized cells, or as clusters of 3 or more subcolonies with 8 or more
hemoglobinized cells per subcolony. For morphological analysis,
cells were smeared on glass slides by cytopin centrifugation,
stained with Giemsa, and analyzed at 400x magnification under a
microscope (Nikon TE2000) equipped with a digital camera.

Statistics
Student’s #-test (two-tailed) was performed to analyze the data.
P-values < 0.05 were considered significant.
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