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MicroRNAs are known to contribute significantly to stem cell phenotype by post-transcriptionally regu-
lating gene expression. Most of our knowledge of microRNAs comes from the study of canonical microR-
NAs that require two sequential cleavages by the Drosha/Dgcr8 heterodimer and Dicer to generate
mature products. In contrast, non-canonical microRNAs bypass the cleavage by the Drosha/Dgcr8 hetero-

Ke_)’WOTdS-' dimer within the nucleus but still require cytoplasmic cleavage by Dicer. The function of non-canonical
miRNA microRNAs in embryonic stem cells (ESCs) remains obscure. It has been hypothesized that non-canonical
glgcc?s microRNAs have important roles in ESCs based upon the phenotypes of ESC lines that lack these specific
Proliferation classes of microRNAs; Dicer-deficient ESCs lacking both canonical and non-canonical microRNAs have
miR-320 much more severe proliferation defect than Dgcr8-deficient ESCs lacking only canonical microRNAs.
miR-702 Using these cell lines, we identified two non-canonical microRNAs, miR-320 and miR-702, that promote

proliferation of Dgcr8-deficient ESCs by releasing them from G1 arrest. This is accomplished by targeting
the 3’-untranslated regions of the cell cycle inhibitors p57 and p21 and thereby inhibiting their expres-

sion. This is the first report of the crucial role of non-canonical microRNAs in ESCs.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Initially, all microRNAs (miRNAs) were thought to require pro-
cessing by two different RNase Ill-containing enzymes, Drosha
and Dicer. These “canonical” miRNAs first undergo a cleavage step
within the nucleus by the Microprocessor complex that contains
the enzyme Drosha and the indispensable double stranded RNA
binding protein Dgcr8 to convert the primary miRNA (pri-miRNA)
transcript into the precursor miRNA (pre-miRNA) [1-3]. The sec-
ond cleavage step occurs in the cytoplasm by Dicer to release from
the pre-miRNA the functional, final miRNA product that is usually
22 nucleotides in length [4,5]. More recently, however, less abun-
dant “non-canonical” miRNAs that do not require the initial cleav-
age step by the Microprocessor complex have been discovered [6].
Although non-canonical miRNAs do not need processing by the
Drosha/Dgcr8 heterodimer, they still require Dicer cleavage in
the cytoplasm. Compared to canonical miRNAs, the function of
non-canonical miRNAs is much less clear, especially in ESCs.

The critical roles that miRNAs play in early development and
ESCs are well established. Both Dicer-deficient and Dgcr8-deficient
mouse embryos start to arrest prior to embryonic day (E) 7.5 [7-9].
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Furthermore, miRNAs are essential for dedifferentiation repro-
gramming [10]. Remarkably, Dicer-deficient ESCs have been iso-
lated in multiple labs [11,12]. Although these cells which lack
both canonical and non-canonical miRNAs are able to indefinitely
expand and to express ESC-specific markers, they have profound
proliferation and differentiation defects. However, Dgcr8-deficient
ESCs which lack only canonical miRNAs exhibit a less severe phe-
notype with respect to proliferation and differentiation when com-
pared to Dicer-deficient ESCs [9] (Fig. 1A). We hypothesized that
this difference may be due to non-canonical miRNAs that are pres-
ent in Dgcr8-deficient ESCs but absent in Dicer-deficient ESCs. We
focused on the proliferation phenotype of Dicer-deficient ESCs and
searched for uncharacterized non-canonical miRNAs that confer a
proliferative advantage in Dgcr8-deficient ESCs over Dicer-defi-
cient ESCs.

Certain canonical miRNAs such ESC-cell cycle regulating
(ESCC) miRNAs which include the miR-290 and miR-302 clusters
have already been implicated in promoting ESC proliferation [13].
ESCC miRNAs are found to enhance proliferation by targeting Cy-
clin E/Cdk2 complex inhibitors such as p21 [13]. Yet uncharacter-
ized non-canonical miRNAs may have a similar proliferative
function in ESCs. Indeed, we identified two non-canonical miR-
NAs, miR-320 and miR-702, that function as promoters of prolif-
eration in Dgcr8-deficient ESCs by releasing them from G1 arrest
and promote proliferation by targeting the cell cycle inhibitors
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Fig. 1. Dicer-deficient ESCs proliferate slower than Dgcr8-deficient ESCs. (A) Dgcr8-
deficient (Dgcr84/2) ESCs which lack canonical miRNAs have a differentiation defect
and slower proliferation compared to wild-type (Wt) ESCs. Dicer-deficient (Dcr®/4)
ESCs which lack both canonical and non-canonical miRNAs have even more
extreme differentiation and proliferation defects. (B) Proliferation rate of three ESC
lines was measured with the MTS assay which shows different proliferation
phenotypes. Each value is represented relative to an assigned wild-type value of 1.0.
Data are presented as mean +/— SD with N = 3. (C) Non-canonical miRNA expression
levels of the mature form in wild-type, Dgcr8-deficient, and Dicer-deficient ESC
lines measured with qRT-PCR. Dgcr8-deficient ESCs expressed significant levels of
most non-canonical miRNAs tested, while Dicer-deficient ESCs expressed none in
any significant amount. Each value is represented relative to an assigned wild-type
value of 1.0 for that miRNA. Data are presented as mean +/— SD with N =3.

p57 and p21, respectively. The function of these two miRNAs has
not been described in ESCs, and this is the first time that
non-canonical miRNAs have been implicated in the regulation of
proliferation in ESCs.

2. Materials and methods
2.1. Animal and cell culture

MEFs were prepared from E13.5 Dicerf embryos and TTFs from
Dicerf adult mice [14] and cultured in DMEM containing 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 1x nonessential amino
acids, and 0.1 mM 2-mercaptoethanol (Invitrogen). Three mouse
ESC lines, a germline-competent wild-type (W4), Dgcr8-deficient
(Dgcr84/) [9], and Dicer-deficient (Dicer®*) [12], were cultured
on irradiated MEFs in serum-containing ESC medium, DMEM with
15% FBS, 2 mM L-glutamine, 1x nonessential amino acids, 0.1 mM
2-mercaptoethanol, and 1,000 U/ml leukemia inhibitory factor
(Chemicon).

2.2. Transfection and cell growth rate

Wild-type, Dgcr84/2 and Dicer/ ESCs were plated in gelati-
nized 12-well plates on day 0 in leukemia inhibitory factor media.
On day 1, miRIDIAN miRNA mimics or hairpin inhibitors (Dharm-
acon) were transfected at a concentration of 50-100 nM using
Dharmafect1 (Dharmacon) following the manufacturer’s protocol.
Media was changed daily. Cell growth rate was performed using
cell proliferation assay kit (Promega) according to the manufac-
turer’s instructions. To remove functional Dicer, MEFs or TTFs were
treated with Adeno-Cre virus at a multiplicity of infection (MOI) of
~100, (University of lowa) before miRNA mimic transfection. Med-
ium was replaced with MTS media and incubated at 37 °C for 3 h.
Absorbance was recorded at 490 nm.

2.3. Quantitative RT-PCR and western blot analysis

Total RNA was extracted by using TriZol reagent (Invitrogen)
and treated with RNase-free DNase (Ambion). For the miRNA qPCR,
RNA was polyadenylated using ATP and poly (A) polymerase
(Ambion) and reverse-transcribed using oligo-dT adapter by
SuperScript III (Invitrogen) according to the manufacturer’s
instructions. Quantitative RT-PCR was performed using primers
listed in Supplemental Table S1 on the CFX96 Real-Time System
(Bio-Rad). Expression of individual transcripts was normalized to
U6 snRNA and 18S RNA for miRNA and Gapdh expression for cell
cycle inhibitors. Protein blots were analyzed using antibodies to
p21 (1:500, BD), p27 (1:1000, BD), p57 (1:1000, Abcam), and al-
pha-tubulin (1:2000, Abcam).

2.4. Flow cytometry

Single-cell suspension was prepared by filtering through a 30-
um strainer and fixing in ethanol. After treating with 10 mg/ml
of RNase A, cells were labeled with 10 ug/ml of propidium iodine
(Sigma), followed by washing in PBS, and analyzed by flow cytom-
etry. Flow cytometry was performed on a Becton Dickinson FAC-
Scan and the data were analyzed using Flow]Jo software (Tree Star).

2.5. Luciferase reporter assay

We cloned wild-type and mutated p21 and p57 3’-untranslated
regions (UTRs) by PCR from the cDNA of reverse-transcribed wild-
type ESC mRNA. PCR products were subcloned to pmirGLO vector
(Promega) and sequenced. Sequences of primers are listed in the
supporting information (Supplemental Table S1). 293 cells were
plated and grown for at least 16 h before transfection. For transfec-
tion experiments, we transfected 100 nM of miRNA mimics or
inhibitors using Dharmafect1 (Dharmacon) and luciferase report-
ers using Lipofectamin 2000 (Invitrogen). Cells were lysed
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Fig. 2. Forced expression of non-canonical microRNAs miR-320 and miR-702 in Dicer-deficient ESCs promotes proliferation. (A) miR-320 and miR-702 increased the
proliferation rate of Dicer-deficient (Dcr®/“) ESCs to that of Dgcr8-deficient (Dgcr84/4) ESCs, rescuing the severe proliferation defect. Each value is represented relative to an
assigned Dgcr8“/4 value of 1.0. Data are presented as mean +/— SD with N = 3. (B) Dgcr8-deficient ESCs accumulated in the G1 phase of the cell cycle compared to wild-type
(Wt) ESCs. Dicer-deficient ESCs accumulated in the G1 phase even more than Dgcr8-deficient ESCs. Transducing miR-320 or miR-702 mimic into Dicer-deficient ESCs
decreased the proportion of cells in G1. Data are presented as mean +/— SD with N = 5. (C, D) Expression levels determined by qRT-PCR (C) and immunoblot analysis (D) of
cyclin-dependent kinase inhibitors p21, p27, and p57 demonstrate upregulation in Dicer-deficient ESCs compared to Dgcr8-deficient ESCs. With the introduction of miR-320
or miR-702 into Dicer-deficient ESCs, mRNA levels of all three cyclin-dependent kinase inhibitors showed decreasing trend (C), while only p21 and p57 protein levels were
clearly downregulated (D). o-Tubulin expression level was used as loading control for the protein blot. For (C), each value is represented relative to an assigned Dgcr8/2

values of 1.0, and data are presented as mean +/— SD with N=3.

12-16 h later and processed for luciferase assay using Dual-Lucif-
erase Reporter Assay System (Promega). Luciferase activity was
measured by VICTOR X5 (Perkin Elmer). Data are presented as nor-
malized ratios of firefly:Renilla luciferase.

3. Results
3.1. Dicer-deficient ESCs proliferate slower than Dgcr8-deficient ESCs

The nuclear Drosha/Dgcr8 heterodimer processes canonical
miRNAs but not non-canonical miRNAs. The Dicer RNase enzyme,
in contrast, processes both canonical and non-canonical miRNAs
since the Dicer-mediated cleavage of pre-miRNAs to generate ma-
ture miRNAs is the final processing step that is required by almost
all miRNAs [6]. Dgcr8-deficient (Dgcr8/2) ESCs lack only canonical
miRNAs and have a phenotype of slow proliferation and defective
differentiation [9]. However, Dicer-deficient (Dicer®/) ESCs lack
both canonical and non-canonical miRNAs, and their phenotype
is more severe than that of Dgcr8-null ESCs [11,12], suggesting that
non-canonical miRNAs also play a role in ESC proliferation and dif-
ferentiation (Fig. 1A). One measure of proliferation, the doubling
times for wild-type, Dgcr8-deficient, and Dicer-deficient ESCs were
19 h (standard deviation (SD) 4.0 h), 25 h (SD 3.7 h), and 46 h (SD
4.9 h), respectively (Fig. 1A). Based on the MTS assay, Dgcr8-defi-
cient ESCs proliferated 29% slower than wild-type ESCs, while
Dicer-deficient ESCs proliferated 59% slower than Dgcr8-deficient
ESCs (Fig. 1B). This difference in proliferation rate between

Dgcr8- and Dicer-deficient ESCs is likely due to non-canonical miR-
NAs present only in Dgcr8-deficient ESCs.

Most miRNAs are canonical, and non-canonical miRNAs
constitute only a small fraction of total miRNAs [15]. To identify
non-canonical miRNAs that endow a proliferative advantage in
Dgcr8-deficient ESCs over Dicer-deficient ESCs, we compiled a list
of non-canonical miRNAs already published in the literature [6,16].
We performed reverse transcription-quantitative polymerase
chain reaction (qRT-PCR) to measure the expression levels of
mature, non-canonical miRNAs in wild-type, Dgcr8-deficient, and
Dicer-deficient ESC lines (Fig. 1C). As expected, Dgcr8-deficient
ESCs expressed significant levels of most non-canonical miRNAs
tested, while Dicer-deficient ESCs expressed none in any significant
amount, supporting the model that these non-canonical miRNAs
require processing by Dicer but not the Microprocessor. We rea-
soned that only those non-canonical miRNAs that are significantly
expressed in Dgcr8-deficient ESCs are viable candidates that en-
dow these cells with proliferative advantage over Dicer-deficient
ESCs.

3.2. Forced expression of non-canonical microRNAs miR-320 and miR-
702 in Dicer-deficient ESCs promotes proliferation

To identify individual non-canonical miRNAs that have pro-
proliferative function in ESCs, we introduced mimics of those
non-canonical miRNAs that are significantly expressed in Dgcr8-
deficient ESCs into Dicer-deficient ESCs, and assessed for growth
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Fig. 3. miR-320 and miR-702 directly target p57 and p21, respectively. (A) The
computational programs identified p21 and p57 as predicted targets for miR-702 and
miR-320, respectively. Luciferase reporters that test direct binding of miRNA to
predicted target sequences within the 3'-UTR were constructed by cloning the 3'-UTR
of p21 or p57 downstream of a constitutively expressed firefly luciferase. Reporters
with a mutation (mut) in the predicted target sequence were also constructed. (B)
When the miR-702 mimic was co-transfected with the p21 reporter construct,
luciferase activity was inhibited by 25% compared to the reporter construct alone
(Control). When this experiment was performed using the reporter construct with a
mutation in the predicted target sequence, luciferase activity decreased by only 11%.
Each value is represented relative to an assigned control value of 100%. Data are
presented as mean +/— SD with N=5. (C) Similar luciferase reporter experiments
were performed with miR-320 and the 3'-UTR of p57. Co-transfecting miR-320 with
the p57 reporter construct suppressed luciferase activity by 30%. The 3’-UTR of p57
contains two predicted target sequences of miR-320, and mutating either sequence
significantly increased luciferase activity, further supporting direct binding of miR-
320 to either of these predicted sequences. Each value is represented relative to an
assigned control value of 100%. Data are presented as mean +/— SD with N=5.

promoting effects. miRNA mimics are analogous to endogenous,
mature miRNAs, and can be used in Dicer-deficient ESCs because
they do not require any further processing by Dicer. Once transfec-
ted individually into Dicer-deficient ESCs, two candidates, miR-320
and miR-702, increased their proliferation rate to that of Dgcr8-
deficient ESCs, rescuing the severe proliferation defect (Fig. 2A).
Hence, we focused our investigation on these two miRNAs.

Unlike other cell types, wild-type ESCs can proliferate more rap-
idly because they have a shortened G1 phase and absence of the
G1/S checkpoint [17]. However, in accordance with published re-
sults, Dgcr8-deficient ESCs accumulated in the G1 phase of the cell
cycle compared to wild-type ESCs (Fig. 2B). This phenotype is at
least partially due to lack of ESCC miRNAs comprised of the miR-
290 cluster that promote proliferation and cell cycle progression
[9]. Consistent with their extreme proliferation defect, Dicer-defi-
cient ESCs accumulated in the G1 phase even more than Dgcr8-
deficient ESCs (33% vs 28%, respectively) (Fig. 2B). To test whether
miR-320 and miR-702 rescue proliferation by reducing the fraction
of Dicer-deficient ESCs in G1, we transduced each mimic into Di-
cer-deficient ESCs. Both miRNAs decreased the proportion of cells
in G1 and increased the proportion in the S phase (Fig. 2B). This re-
sult suggests that miR-320 and miR-702 promote ESC proliferation
by facilitating the G1 to S phase transition of these cells.

Since miRNAs are repressors of gene expression, we hypothe-
sized that miR-320 and miR-702 promote the G1-S transition by
targeting its key inhibitors. To test this hypothesis, we measured
expression levels of well known inhibitors of the G1-S transition
after miR-320 or miR-702 mimic was transduced into Dicer-defi-
cient ESCs. The cyclin D-Cdk4,6 and cyclin E-Cdk2 complexes are
the two main regulators of the G1-S transition, but only the cyclin
E-Cdk2 complex functions in mouse ESCs [17,18]. Mouse ESCs have
an unrestricted G1 to S phase transition mediated by the constitu-
tively active cyclin E-Cdk2 complex. Three cyclin-dependent kinase
inhibitors of the Cip/Kip family, Cdknla (p21), Cdkn1b (p27), and
Cdknlc (p57), respectively, modulate the activity of the cyclin
E-Cdk2 complex [19]. As expected, p21, p27, and p57 mRNA and
protein levels were upregulated in Dicer-deficient ESCs compared
to Dgcr8-deficient ESCs (Fig. 2C, D), consistent with a slower
growth rate in Dicer-deficient ESCs. We then introduced miR-320
or miR-702 into Dicer-deficient ESCs and measured its effect on
the expression levels of p21, p27, and p57. p21 and p57 protein
levels were clearly downregulated with the transduction of miR-
320 or miR-702 into Dicer-deficient ESCs, though a trend towards
lower levels of p27 mRNA was also seen (Fig. 2D).

3.3. miR-320 and miR-702 directly target p57 and p21, respectively

miR-320 and miR-702 reduce G1 accumulation and promote
proliferation by downregulating p21 and p57 in ESCs, and we
sought to determine whether they directly target p21 and p57.
The computational programs Miranda and Targetscan identified
p21 and p57 as predicted targets for miR-702 and miR-320, respec-
tively [20,21] (Fig. 3A). However, p27 was not a predicted target for
either miR-702 or miR-320. To experimentally ascertain whether
miR-702 and miR-320 target p21 and p57, we constructed lucifer-
ase reporters that test direct binding of miRNA to predicted target
sequences within the 3'-UTR. We cloned the 3’-UTR of p21 or p57
downstream of a constitutively expressed firefly luciferase
(Fig. 3A). When the miR-702 mimic was co-transfected with the
p21 reporter construct, luciferase activity was inhibited by 25%
compared to the reporter construct alone, suggesting that miR-
702 directly binds to the predicted target sequence within the
3’-UTR of p21 (Fig. 3B). When we performed this experiment using
a reporter construct with a mutation in the predicted target se-
quence, luciferase activity decreased only 11% (Fig. 3A, B). Similar
luciferase reporter experiments were performed with miR-320
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Fig. 4. Inhibitors of miR-320 and miR-702 suppress proliferation of Dgcr8-deficient ESCs. (A) When we transfected anti-miR-320 or anti-miR-702 into Dgcr8-deficient ESCs,
their proliferation rate declined significantly whereas transfecting negative control anti-miR did not decrease the growth rate compared to mock-transfection. Each value is
represented relative to an assigned Dgcr82/“ mock transfection value of 1.0. Data are presented as mean +/— SD with N = 3. (B) Cell cycle analysis of Dgcr8-deficient ESCs
transfected with either anti-miR-320 or anti-miR-702 showed increased cellular fraction in the G1 phase, implicating miR-320 and miR-702 as promoters of ESC proliferation
that facilitate the G1 to S phase transition. Data are presented as mean +/— SD with N = 5. (C) mRNA expression levels of p57 and p21 increased when anti-miR-320 or anti-
miR-702 was transduced into Dgcr8-deficient ESCs. Although miR-320 has been shown to directly target only p57 and miR-702 only p21, p57 expression increased with the
introduction of anti-miR-702, and p21 expression increased with anti-miR-320. This effect likely stems from either indirect regulation of cyclin-dependent kinase inhibitors
by miRNAs or direct regulation through unrecognized target sequences within the cyclin-dependent kinase inhibitor mRNA. Each value is represented relative to an assigned
Dgcr82/2 anti-negative control value of 1.0. Data are presented as mean +/— SD with N =3.

and the 3'-UTR of p57. Again, co-transfecting miR-320 with the p57 miR-320, and mutating either sequence significantly increased
reporter construct suppressed luciferase activity by 30% (Fig. 3C). luciferase activity, further supporting direct binding of miR-320 to
The 3’-UTR of p57 contains two predicted target sequences of either of these predicted sequences (Fig. 3A, C). Of note, mutating
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both sequences did not further enhance luciferase activity, indicat-
ing that these target sequences have redundant function and miR-
NA-320 binding to either one has a similar but not additive effect.

3.4. Inhibitors of miR-320 and miR-702 suppress proliferation of
Dgcr8-deficient ESCs

To further corroborate the function of miR-320 and miR-702 in
ESCs, we performed a set of “reverse” experiments using inhibitors
of miR-320 and miR-702 that suppress miRNA activity to study the
loss-of-function effects. When we transfected anti-miR-320 or
anti-miR-702 into Dgcr8-deficient ESCs, their proliferation rate de-
clined significantly whereas negative control anti-miR did not de-
crease the growth rate (Fig. 4A).

We next performed cell cycle analysis of Dgcr8-deficient ESCs
transfected with anti-miR-320 or anti-miR-702. Supporting our
earlier data using miRNA mimics, introducing either inhibitor into
Dgcr8-deficient ESCs increased the cellular fraction in the G1 phase
(Fig. 4B), again indicating that miR-320 and miR-702 facilitate the
G1 to S phase transition. Although the magnitude of increase was
relatively small (3%), this change was consistent and statistically
significant.

Finally, we measured the expression levels of p57 and p21
when anti-miR-320 or anti-miR-702 was transduced into Dgcr8-
deficient ESCs. Consistent with previous results, p57 and p21
expression levels increased with the introduction of miRNA inhib-
itors (Fig. 4C). Although miR-320 has been shown to directly target
only p57 and miR-702 only p21, the expression data from both
miRNA mimic and inhibitor studies demonstrate changes in the
expression levels of non-targeted cyclin-dependent kinase inhibi-
tors (Fig. 2C, D; Fig. 4C). For example, the introduction of anti-
miR-702 into Dgcr8-deficient ESCs increased the expression level
of not only p21, but also p57 which does not contain any known
miR-702 target sequence in the 3/-UTR (Fig. 4C). This phenomenon
may represent either an indirect regulation of cyclin-dependent ki-
nase inhibitors by proliferation promoting miRNAs or a direct reg-
ulation through unrecognized target sequences within the cyclin-
dependent kinase inhibitor mRNA.

3.5. miR-320 and miR-702 do not have pro-proliferative effect in
mouse embryonic fibroblasts or adult tail-tip fibroblasts

We have demonstrated that miR-320 and miR-702 promote
proliferation and relieve G1 accumulation of ESCs by directly
inhibiting the expression of p57 and p21, respectively. However,
it is not clear whether their role is ESC-specific or is generalizable
to other cell types. Thus, we tested the effects of miR-320 and miR-
702 in Dicer-deficient mouse embryonic fibroblasts (MEFs) and
adult tail-tip fibroblasts (TTFs). These cells were derived by apply-
ing Cre recombinase to appropriate tissues harvested from condi-
tional Dicer knockout mice that have key Dicer exons flanked
with lox P sites [8]. Unlike ESCs, the growth rate of Dicer-deficient
MEFs and TTFs did not change much with the introduction of miR-
320 (Supplemental Fig. S1A). Similarly, miR-702 did not increase
the proliferation rate of Dicer-deficient TTFs although it did slightly
enhance proliferation of Dicer-deficient MEFs by 13%. Consistent
with the lack of significant growth promoting effect on Dicer-defi-
cient MEFs and TTFs, miR-320 and miR-702 did not repress expres-
sion levels of p57 and p21 in these cell types (Supplemental
Fig. S1B and C).

4. Discussion

Unlike canonical miRNAs that require two sequential cleavages
by RNase enzymes Drosha and Dicer for proper processing, more

recently identified non-canonical miRNAs only need the Dicer
cleavage. Despite our understanding of their biogenesis, non-
canonical miRNAs’ function in ESCs is almost completely unknown.
One of the strongest pieces of evidence that non-canonical miRNAs
play a crucial role in ESCs is that Dicer-null ESCs lacking both
canonical and non-canonical miRNAs have more severe pheno-
types than Dgcr8-null ESCs lacking only canonical miRNAs [9].
Our study for the first time identifies specific non-canonical
miRNAs that function in ESC proliferation and the G1 to S phase
transition. Until now, the role of miR-320 and miR-702 in ESCs
has been unknown. Our study suggest that miR-320 and miR-702
promote Dgcr8-deficient ESC proliferation by inhibiting the
expression of p57 and p21, respectively, and releasing the cells
from the G1 phase. However, it is likely that other miRNAs, includ-
ing ESCC miRNAs, also target cell cycle inhibitors to promote pro-
liferation [13]. Most mRNAs have conserved target sites for
multiple miRNAs which would enable combinatorial control of
these messages [22]. To maintain cell cycle kinetics with a short-
ened G1 phase and an unrestricted G1 to S phase transition, ESCs
appear to utilize redundancy with multiple miRNAs, both canoni-
cal and non-canonical, to repress key cell cycle inhibitors.

Finally, the proliferation promoting function of miR-320 and
miR-702 seems to be specific to ESCs and does not extend to MEFs
or TTFs. In fact, a recent report describes a very different role of
miR-320 in fibroblasts; it functions as a critical component of the
Pten tumor suppressor axis that acts in stromal fibroblasts [23].
Different functions in different cell types are not surprising given
that miRNAs are capable of targeting multiple genes, and their role
is likely context-dependent.
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