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Oct4 and Sox2 are transcription factors required for pluripotency during early embryogenesis and for the
maintenance of embryonic stem cell (ESC) identity. Functional mechanisms contributing to pluripotency are
expected to be associated with genes transcriptionally activated by these factors. Here, we show that Oct4 and
Sox2 bind to a conserved promoter region of miR-302, a cluster of eight microRNAs expressed specifically in
ESCs and pluripotent cells. The expression of miR-302a is dependent on Oct4/Sox2 in human ESCs (hESCs),
and miR-302a is expressed at the same developmental stages and in the same tissues as Oct4 during
embryogenesis. miR-302a is predicted to target many cell cycle regulators, and the expression of miR-302a in
primary and transformed cell lines promotes an increase in S-phase and a decrease in G,-phase cells,
reminiscent of an ESC-like cell cycle profile. Correspondingly, the inhibition of miR-302 causes hESCs to
accumulate in G, phase. Moreover, we show that miR-302a represses the productive translation of an
important G, regulator, cyclin D1, in hESCs. The transcriptional activation of miR-302 and the translational
repression of its targets, such as cyclin D1, may provide a link between Oct4/Sox2 and cell cycle regulation in

pluripotent cells.

Pluripotent stem cells preserve their identity by promoting
self-renewal and preventing differentiation. Transcription
factors expressed early in development play a key role in
regulating these processes. The first cell fate decision in the
preimplantation embryo requires Oct4, a transcription fac-
tor expressed in the blastocyst that represses differentiation in
the inner cell mass (28). Oct4 works in concert with a tran-
scription factor binding partner, Sox2, and the pair is known to
activate genes essential for early development (5, 29, 32, 36, 41,
42). Upon the formation of the late blastocyst, a third factor,
Nanog, is required to repress the differentiation of pluripotent
cells to visceral and parietal endoderm (26), highlighting the
importance of these transcription factors in maintaining pluri-
potency at early developmental phases. All three of these fac-
tors are also expressed in human embryonic stem cells (hESCs)
and mouse ESCs (mESCs), and the transcriptional programs
orchestrated by the coordinated efforts of these factors are key
mechanisms of maintaining pluripotency. Recent studies of
ESCs have revealed a considerable number of genomic regions
with overlapping Oct4, Sox2, and Nanog binding sites adjacent
to genes that are likely important for pluripotency (2, 24).
Functional analysis of the genes expressed and regulated by
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these transcription factors will further elucidate new mecha-
nisms associated with the maintenance of pluripotency.

Included in this candidate set of factors are microRNAs
(miRNAs) (2, 24). Like Oct4, Sox2, and Nanog, miRNAs have
also been implicated in the maintenance of cell fate and the
regulation of stem cell differentiation. miRNAs regulate their
targets posttranscriptionally by pairing with a short antisense
region of the mRNA 3'-untranslated region (3'UTR) to affect
its stability and/or translation. The miR-302 gene encodes a
cluster of eight miRNAs (miR-302b*-b-c*-c-a*-a-d-367) that
are specifically expressed in hESCs and embryonal carcinoma
cells (39). The murine homolog of miR-302a was originally
cloned from mESCs (15). The gene is organized such that all
eight miRNAs are first expressed as a single mRNA primary
transcript prior to processing and maturation by Drosha/
DGCRS and Dicer (39). Similar clusters of miRNAs are sub-
ject to transcriptional activation by transcription factors (31),
are transcribed by RNA polymerase II, and contain a 5" cap
and a polyadenylated tail (4, 19).

Here, we show that Oct4, Sox2, and Nanog bind to the
promoter region of the miR-302 cluster of miRNAs in hESCs
and that Oct4 and Sox2 are required for the transcriptional
regulation of miR-302a in these cells. When expressed in non-
pluripotent primary and transformed cells, miR-302a promotes
an increase in S-phase cells and a decrease in G,-phase cells,
likely due to the cumulative effects of a number of cell cycle
targets. In the converse experiment, the inhibition of miR-302
in hESCs causes the number of G, cells to increase. Further-
more, we show that one of miR-302’s predicted cell cycle
targets, cyclin D1, is posttranscriptionally regulated by these
miRNAs in hESCs. The transcriptional activation of miR-302
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by Oct4/Sox2 may therefore be participating in the regulation
of the pluripotent cell cycle.

MATERIALS AND METHODS

Plasmids. A 56-bp fragment of the wild-type (WT) cyclin D1 3'UTR contain-
ing the putative miR-302a binding site or a mutant cyclin D1 3'UTR sequence
was generated by annealing the primer pairs listed in Table S2 in the supple-
mental material. The fragments were then cloned into the SacI and HindIII sites
of the pMIR-REPORT luciferase plasmid (Ambion, Austin, TX) by using stan-
dard molecular techniques. pGL3-miR-302 was created by cloning the PCR-
amplified, ~1-kb region of the miR-302 promoter into the Kpnl and BglII sites
of the pGL3-Basic vector (Promega, Madison, WI) by using standard molecular
techniques. The PCR primer sequences for cloning the promoter fragment are
listed in Table S3 in the supplemental material. The expression constructs for
Oct4 (pCAG-Myc-Oct4) and Sox2 (pCAG-HA-Sox2) were obtained from Add-
gene (Addgene, Cambridge, MA) (30).

Cell lines, cell culture, and transfection. hESC lines H1 (WiCell, Madison,
‘WI) and BG-01 (hRESBGN-01; BresaGen, Inc., Athens, GA) were maintained on
mitotically inactivated mouse embryonic fibroblasts (MEFs) in medium contain-
ing Dulbecco’s modified Eagle’s medium F-12 (DMEM; Invitrogen, Carlsbad,
CA) supplemented with 20% knockout serum replacement (Invitrogen), 1 mM
L-glutamine (Invitrogen), 0.1 mM B-mercaptoethanol, 1% nonessential amino
acids (Invitrogen), and 4 ng/ml human basic fibroblast growth factor (bFGF)
(Invitrogen) at 37°C and 5% CO,. H1 cells were supplemented with fresh
medium every day and were passaged once weekly by incubation with 1 mg/ml
collagenase IV (Invitrogen) according to the manufacturer’s instructions. BG-01
cells were maintained and passaged in the same manner. Where indicated,
BG-01 cells were grown on Matrigel (BD Biosciences, San Jose, CA) supple-
mented with MEF-cultured medium and 4 ng/ml human bFGF. Retinoic acid
(RA) (1 uM; Sigma-Aldrich, St. Louis, MO) or vehicle was added to the medium
for the indicated number of days. HeLa cells (CCL-2; ATCC, Manassas, VA)
and MCF-7 cells (ATCC) were grown in DMEM (Invitrogen) supplemented
with 10% fetal bovine serum (HyClone, Logan, UT) under the same conditions.
Normal human fibroblasts (NHFs) were grown in DMEM supplemented with
10% fetal bovine serum (7).

BG-01 hESs were transfected by nucleofection (Amaxa, Gaithersburg, MD)
according to the manufacturer’s instructions for mESCs, using the A23 program.
For small interfering RNA (siRNA)-mediated knockdown of Oct4 and Sox2,
cells were transfected with 100 nM each Oct4 and Sox2 siRNA (Santa Cruz
Biotechnology, Santa Cruz, CA) or 200 nM nontargeting siRNA control number
1 (Dharmacon, Lafayette, CO). Approximately 48 h later, lysates were harvested.
For nucleofection with miR-302 inhibitors (200 pmol each anti-miR-302a, anti-
miR-302b, anti-miR-302c, and anti-miR-302d; Dharmacon), hESCs were trans-
fected for 72 h. For luciferase experiments, BG-01 cells were transfected with 40
ng pRL-CMV (Promega, Madison, WI) and 100 ng WT cyclin D1 or mutant
cyclin D1 vector in addition to either 25 nM each anti-miR-302a (Ambion),
anti-miR-302b (Ambion), anti-miR-302c (Ambion), and anti-miR-302d (Am-
bion) or 100 nM negative control anti-miR (Ambion) with Lipofectamine 2000
(Invitrogen) at a ratio of 1:2 for 48 h. HeLa cells or NHFs were transiently
transfected with either 20 nM pre-miR-302a (Ambion) or negative control pre-
miR number 1 (Ambion) with Lipofectamine 2000 according to the manufac-
turer’s instructions for 48 h before being harvested for protein and RNA analysis;
HelLa cells were transfected likewise for 24 h and NHFs for 48 h for cell cycle
analysis. For luciferase experiments, HeLa cells were transfected with 10 ng
pRL-CMYV and 25 ng luciferase reporter vectors in addition to 40 nM of the
pre-miR oligonucleotides as outlined above. For luciferase assays with promoter
activity, the pGL3-miR-302 promoter construct was transfected into HeLa cells
with pCAG-Myc-Oct4 and pCAG-HA-Sox2 cotransfection for 48 h.

Isolation and analysis of protein, mRNA, and miRNA. Unless otherwise in-
dicated, protein and RNA (large and small species) were isolated from the same
samples by using mirVana PARIS (Ambion) as described by the manufacturer.
Protein samples were resolved by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred to a polyvinylidene difluoride membrane (GE
Healthcare Bio-Sciences Corp., Piscataway, NJ). The antibodies used for immu-
noblotting included Oct4 (C-10; Santa Cruz), cyclin D1 (A-12; Santa Cruz),
cyclin Al (Santa Cruz), a-tubulin (DMI1A; Sigma), B-actin (Sigma), Sox2
(AB5603; Chemicon International, Temecula, CA), Cdk2 (D-12; Santa Cruz),
Cdk6 (H-230; Santa Cruz), and E2F1 (C-20; Santa Cruz). To synthesize cDNA,
large RNA was first treated with DNase I (Invitrogen), followed by cDNA
synthesis using a SuperScript first-strand synthesis system for reverse transcrip-
tion-PCR (RT-PCR) (Invitrogen) as recommended by the manufacturer. Quan-
titative PCR (qPCR) was performed by using brilliant Sybr green qPCR reagent
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(Stratagene, La Jolla, CA) with the qPCR primer pairs listed in Table S1 in the
supplemental material. The relative expression levels were normalized to the
level of human glyceraldehyde-3-phosphate dehydrogenase (GAPDH). To ana-
lyze miRNA, a mirVana qRT-PCR miRNA detection kit (Ambion) and mirVana
qRT-PCR primer sets for miR-302a, -b, -c, and -d, (Ambion) were used accord-
ing to the manufacturer’s directions. The relative expression levels were normal-
ized to that of 5S (Ambion).

EMSAs. Nuclear extracts were prepared from BG-01 cells by using the method
of Dignam et al. (8) with modifications as described below. The cells were
harvested by being washed and scraped with phosphate-buffered saline (PBS)
and resuspended on ice for 10 min in cold buffer A (10 mM HEPES, pH 7.9, 1.5
mM MgCl,, 10 mM KCl, 0.5 mM dithiothreitol [DTT], protease inhibitor cock-
tail), followed by lysis with a Wheaton homogenizer. After centrifugation, intact
nuclei resuspended in buffer B (20 mM HEPES, pH 7.9, 25% glycerol, 420 mM
NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 1% protease inhibitor
cocktail) were incubated on ice for 30 min. The nuclear extracts were then
dialyzed for 2 h at 4°C (20 mM HEPES, pH 7.9, 20% glycerol, 100 mM KCl, 0.83
mM EDTA, 1.66 mM DTT, protease inhibitor cocktail) and stored at —80°C.
Double-stranded DNA oligonucleotides 5’-end labeled with 3P were used for
electrophoretic mobility shift assays (EMSAs) (see Table S4 in the supplemental
material for sequences). Ten picomoles of the WT sense strand oligonucleotide
was end labeled and annealed with a threefold molar excess of the cold antisense
strand in annealing buffer (10 mM Tris-HCI, pH 8.0, 50 mM NaCl, 1 mM
EDTA). For DNA binding reactions, 3 wg of nuclear extract was added to a 10-ul
volume of reaction mixture containing 1 X 10> cpm of 3?P-labeled double-
stranded oligonucleotide and 1 pg of poly(dG-dC). The mixtures were incubated
for 20 min at room temperature. A 50-fold excess of cold competitor was
included prior to the addition of nuclear extract where specified. For supershift
analysis, Oct4 (C-10; Santa Cruz)or Sox2 (AB5603; Chemicon International)
antibodies or V5 tag antibody (Invitrogen) as a negative control was then added
for 20 min. Samples were separated on 6% native polyacrylamide gels and
analyzed by using a phosphorimager.

Chromatin immunoprecipitation analysis. Approximately 1 X 107 cells were
used for the chromatin immunoprecipitation assay, which was carried out as
previously described (17) with the following minor modifications. The antibodies
used for chromatin immunoprecipitation included Oct4 (H-134; Santa Cruz),
Sox2 (H-65; Santa Cruz), Nanog (AB21624; Abcam, Cambridge, MA), and
normal rabbit immunoglobulin G (IgG) (Santa Cruz). qPCR was performed on
DNA purified from the chromatin immunoprecipitates by using brilliant Sybr
green qPCR reagent with the qPCR primer pairs listed in Table S1 in the
supplemental material.

Dissection and RNA analysis of early mouse embryos. Embryonic day 3.5
(E3.5) CD1 blastocysts were flushed from dissected uteri into RNase-free PBS
(Ambion). Similarly, E6.5, E7.5, and E8.5 CD1 embryos were dissected from
uteri and decidua, and RNA was extracted as described above.

In situ hybridization. miRNA in situ hybridization was performed by following
the Exiqon protocol with a minor modification (http:/www.exiqgon.com
/SEEEMS/23.asp). Briefly, 4% paraformaldehyde-fixed CD-1 mouse embryos
were rehydrated and pretreated with 10 pg/ml proteinase K for 5 min at room
temperature and then refixed with 4% paraformaldehyde for 20 min at room
temperature. Subsequently, prehybridization was carried out with hybridization
mix (50% formamide, 5X SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate], 0.1% Tween 20, 50 wg/ml heparin, 500 wg/ml tRNA) at 58°C for 1 h. The
probes were labeled with digoxigenin, and hybridization was performed at 58°C
overnight. In situ hybridization signals were detected by antidigoxigenin antibody
conjugated with alkaline phosphatase (Roche, Basel, Switzerland), followed by
color development by using BM purple substrate (Roche).

Immunohistochemistry. For immunohistochemistry, E6.5 CD1 embryos and
their decidua were dissected in cold PBS and fixed in 4% paraformaldehyde
overnight. The embryos and their decidua were then dehydrated, embedded in
paraffin, and sectioned at 6 pwm. The sections were rehydrated and endogenous
peroxidase was quenched by treatment with hydrogen peroxide (3%) for 15 min
at room temperature. The sections were then heated by microwaves in the
presence of 0.1 M citrate buffer (pH 6.0) prior to incubation in 10% normal horse
serum (Jackson Immunoresearch Laboratories, Inc., West Grove, PA) with an
avidin-biotin blocking reagent (Vector Laboratories, Inc., Burlingame, CA). The
slides were then incubated with the primary antibody, Oct4 (C-10; Santa Cruz)
for 1 h at a dilution of 1:250. Nonimmune mouse IgG (Santa Cruz) was used in
place of the primary antibody as the negative control, with equivalent conditions.
The secondary antibody, biotinylated horse anti-mouse IgG (Vector Laborato-
ries), was then applied at a dilution of 1:500 for 30 min, followed by a predilute
label antibody for an additional 30 min (StriAviGen super-sensitive predilute
label antibody; Biogenex Laboratories, San Ramon, CA). To develop the signal,
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Dako liquid diaminobenzidine substrate-chromogen reagent (Dako Corpora-
tion, Carpinteria, CA) was added for 6 min. The slides were rinsed in tap water
to halt the reaction, counterstained with modified Harris hematoxylin (Harelco,
Gibbstown, NJ), dehydrated through a series of ethanol concentrations to xylene,
and coverslipped with Permount (Fisher Scientific, Norcross, GA).

Identifying putative targets of miR-302a. We downloaded all human and
mouse orthologous pairs from NCBI HomoloGene (http://www.ncbi.nlm.nih.gov
/sites/entrez?db=homologene). A total of 14,481 orthologous pairs were identi-
fied, corresponding to 12,794 unique human genes. We extracted 3'UTR se-
quences as annotated in the UCSC Genome Browser. For each pair of UTR
sequences, we searched for a 35-bp segment in which positions 2 to 8, numbered
from the 3 end, are perfectly complementary to the corresponding positions
from the 5" end (so-called “miRNA seed”) (21) of miR-302a. In addition, we
required that both the human and mouse segments share at least 75% base
identity overall. Next, we extracted the eight-way multiz alignment (build hg17)
for the identified human segments from the UCSC Genome Browser. Those that
were perfectly conserved in the seed region and were overall highly conserved
were selected for further investigation.

Luciferase assays. Transfected cells were lysed in 500 pl of passive lysis buffer
(Promega, Madison, WI) and assayed with a dual luciferase assay (Promega) as
directed by the manufacturer. The luciferase activities were expressed as the
relative luciferase/Renilla activities, normalized to those of control transfections
in each case.

Cell cycle analysis. Cells were harvested by trypsinization and counted such
that approximately 1 X 10° cells were used for the analysis. The cells were
washed in PBS and fixed in ice-cold ethanol overnight at 4°C. The cells were then
washed in PBS and incubated in 1 ml staining solution (20 pg/ml propidium
iodide %/10 U/ml RNaseA [Promega]/PBS) for 30 min at room temperature. The
cells were examined by fluorescence-activated cell sorting (FACS) using a flow
cytometer (FACSort; Becton, Dickinson and Company, Franklin Lakes, NJ), and
the cell cycle populations were determined by using ModFit software (Verity
Software House, Inc., Topsham, ME).

Identifying Oct4/Sox2 binding sites in the miR-302 promoter. We downloaded
the 2-kb upstream promoter sequence of hsa-miR-302a from the UCSC Genome
Browser (http://genome.ucsc.edu/). We searched the promoter sequence for pu-
tative Oct4 and Sox2 binding sites that are within 50 bp by using a method that
is similar to MatInspector (33), with position weight matrices (PWMs) from the
Transfac database (18) and PWMs created from the six well-characterized Oct4/
Sox2 binding sites (5, 29, 32, 36, 41, 42). We also searched for putative Nanog
binding sites with a PWM that approximated the sequence logo information from
Mitsui et al. (26). The Statx PWM was taken from the Transfac database. For the
region in the 2-kb promoter that contains putative Oct4, Sox2, Nanog, and Statx
binding sites, we extracted the 17-way multiz alignment (build hgl8) from the
UCSC Genome Browser by using the Table Browser.

Statistical analysis. All data are expressed as group means =+ standard errors
of the means (SEM). Statistical comparisons were performed with a paired
Student’s ¢ test. In all cases, statistical significance was defined as a P value of
<0.05.

RESULTS

Oct4/Sox2 is bound to the miR-302 promoter. To determine
whether any of the ESC-specific miRNAs are under the tran-
scriptional control of Oct4 and Sox2, we analyzed putative
orthologous promoter regions from human and mouse for
Oct4 and Sox2 binding sites. Sequences upstream of the anno-
tated stem-loop structure of the pre-miRNAs were scanned for
Oct4 and Sox2 binding sites that were within 50 bp of each
other, using a methodology that we developed to search for a
pair of binding sites simultaneously by using two PWMs (see
Materials and Methods). We identified Oct4 and Sox2 binding
sites in the putative promoter region of a cluster of eight
miRNAs located on human chromosome 4, miR-302, for hu-
man, mouse, and chicken orthologous regions (Fig. 1A). The
binding sites were also conserved in other species, including
primates, other mammals, and birds (see Fig. S1 in the sup-
plemental material).

To validate this prediction, we used EMSA to determine
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whether Oct4 and Sox2 bound to the predicted regions. Dou-
ble-stranded DNA oligonucleotides containing the predicted
binding domains for Oct4 and Sox2 (Fig. 1A, B, and C; see
Table S4 in the supplemental material) were labeled with 2P
and incubated with hESC nuclear extract. Using the Oct4 bind-
ing region probe, two major complexes of nuclear extract-
bound probe, designated A and B, were detected (Fig. 1D).
The complexes were competed away with a 50-fold molar ex-
cess of unlabeled WT and mutant 2 oligonucleotides, but not
mutant 1 or double-mutant oligonucleotides, suggesting that
Oct4 binds only to the first of the two predicted sites. The
addition of Oct4 antibodies to the samples supershifted com-
plex A (Fig. 1E), indicating that Oct4 was indeed bound to this
site. The mobility of complex B was not affected by the addition
of the Oct4 antibodies, suggesting that another factor was
binding to this site. For EMSA with Sox2 binding sites, we
made double-stranded DNA oligonucleotides with the putative
Sox2 binding site that is closer to the Oct4 binding site (—471)
(Fig. 1A and C). The incubation of this fragment with hESC
nuclear extract yielded two complexes, A and B (Fig. 1F). Both
of these complexes were competed away with a 50-fold molar
excess of unlabeled WT, but not mutant, oligonucleotides,
suggesting that sequence-specific factors are bound to this re-
gion of the promoter. The addition of Sox2 antibody to the
samples supershifted complex B, indicating that Sox2 binds to
this site on the promoter (Fig. 1G). The complex A band did
not supershift in the presence of Sox2 antibody, indicating that
another factor is bound to this region of the promoter.

Next, we analyzed the binding of Oct4 and Sox2 to these
genomic loci in hESCs by chromatin immunoprecipitation as-
say using antibodies directed toward Oct4 and Sox2 and spe-
cific primers amplifying a region surrounding the predicted
binding sites (Fig. 1H). The results of this chromatin immuno-
precipitation analysis demonstrated that Oct4 and Sox2 were
indeed bound to the putative promoter region of miR-302. As
positive and negative controls, we also tested the binding of
Oct4 and Sox2 to the POUSFI (Oct4) promoter and the
GAPDH coding region, respectively. As expected, Oct4 and
Sox2 both bound to the promoter region of POUSFI (5), but
not to the GAPDH coding region. Further examination of the
miR-302 promoter sequence indicated that there were also
conserved Nanog binding sites downstream of the Oct4 and
Sox2 binding sites (Fig. 1A). The results of a chromatin im-
munoprecipitation assay using Nanog-specific antibodies con-
firmed that Nanog also bound to the putative promoter region
of miR-302 (Fig. 1H). The results of a genomic-based chro-
matin immunoprecipitation assay also recently identified low-
resolution Oct4 and Nanog binding sites upstream of the miR-
302 cluster in mESCs (24).

The miR-302 primary miRNAs are expressed as a single
polycistronic transcript in two hESC lines, SNU-hES3 and
Miz-hES1 (39). To determine whether the miR-302 primary
miRNAs are also expressed in H1 and BG-01 hESC lines,
qRT-PCR analysis was performed, using specific primers to
amplify the miR-302 polycistronic transcript and mature miR-
302a (Fig. 2A; see Fig. S2a in the supplemental material). The
cells were cultured with RA to monitor the expression of miR-
302 as they differentiated. The miR-302 polycistronic transcript
was expressed in pluripotent hESC lines, but not in hESCs that
had been differentiated with RA (Fig. 2A; see Fig. S2a in the
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Oct4 Oct4
A Human -547 CCGTGGAAGCAATCTATIRINRRL I NIATSERIVYYISIGTAGATGCTTCT
Mouse -535 CCATGGAAGCAATTTATIRERARFYINIATSERIVIFNIGTAGATGTATCT
Chicken -555 ACATGGAAGCAATTTAT NSRRI SIASSARI VI NIGGAGATGTTTCT
hkhkkhkhkhkhkhkhk hhkk hhkhkhkhkhkhkhkkhhhhhkhhhkdhhdhdr khkkkk * k%
Sox2
Human -497 TCAAACAG----AGTTCCTCCAGATAGAAARIYEIECCTTTCTCGGCTC
Mouse -485 TCAAACAGCTAGGGCTCCTCCAGA - -GAAGEYSVRIACATCTCCTGGCTC
Chicken -505 GCAAACAGCTAGAGCTTTGCTCCACAGAAAYIYRISCCTATAGTGCCAC
dhkkkkkk * * * * dhkk hhkkkkkhkk * K * * %
Sox2 Nanog
Human -451 AGTGGGAGC - ACTHNAI RN TIRIY SIS ISCATCAAACAAGCAGAT
Mouse -437 TGTGGGAGC -GCTH AR RIS IV S IR IR Ie[dCATCAAACGGGCAGAT
Chicken -455 TGTGAGAACGACT SRt ARIAI R Y SRS TATCAAACAAGCTGAT
*kk kk * khkhkkhkhkhkhkhkhkhkhkhhkhkhkhhkhk % * *hkkhkkkk *k kkk
Human -402 AGGAGATTTTCTTTTTCTTTTTCTTTTTTTTTTTTAAGAGGAAGATATCT
Mouse -388 AGGAGAT ---------------- TTTTTTTA - - - -AAGAGGAGGATATCT
Chicken <405 AGAGGAT === simscse = wsns s scins TTTN = woveim = = AAAGAGGAGGATATCT
* % *kk *kkk dhkhkhkkkk khkkkkkk
Nanog
Human -352  TGUIRIYSITRBRIAGCTGTTAACATTGACATCTGTA
Mouse -358 TGUARIYSIIRRERIAGCAGTTAACATTGACATCTGTT
Chicken -378  TGUAARY I ARARIAGCTGTTAACATTGACAACTGTA
dhkhkhkkhkkkkhhkhkhhhkhhdk hhhkhkhkhkhkhkhhhhkhk hhkdkhkk
B Oct4 site1 Oct4 sitel C Sox2 site
WT:  TTTATTTACATACATTTAACATIGTA WT: CAGATAGAA CTTTCTCGGC
mi:  TTTATTTGTTTACATTTAACATGTA m: CAGATAGAAAGCTTCGGCCTTTCTCGGC
m2:  TTTATTTACATACATTTAGTTTGTA
D: TTHATTTGTTTACATTTAGTTTGTA
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FIG. 1. Oct4, Sox2, and Nanog bind to the promoter region of the miR-302 cluster of miRNAs in hESCs. (A) Alignment of the homologous promoter
regions of the miR-302 cluster of miRNAs from human, mouse, and chicken. Predicted Oct4, Sox2, and Nanog, binding sites are highlighted in blue, red, and
green, respectively. Asterisks indicate sequence homology. (B) Sequences of the double-stranded DNA probe containing the predicted WT Oct4 binding domain
and the mutant 1, mutant 2, and double-mutant oligonucleotides (m1, m2, and D) used in EMSA analysis. (C) Sequence of the double-stranded DNA probe
containing the predicted Sox2 binding site that is closer to the Oct4 binding sites (—471). m, mutant. (D and E) EMSA analysis performed with extracts of BG-01
cells with the Oct4 binding site. (D) EMSA with 50-fold cold competitors of WT, mutant 1, mutant 2, and double-mutant (m1, m2, and D) oligonucleotides.
(E) Supershift with Oct4 antibody. (F and G) EMSA analysis performed with the Sox2 binding site. (H) Oct4, Sox2, and Nanog bind to the promoter region
of miR-302 in pluripotent cells. hESCs were cross-linked with formaldehyde, and chromatin was prepared by sheering DNA by sonication. The fragmented
chromatin was then immunoprecipitated with antibodies directed toward Oct4, Sox2, Nanog, and nonspecific antibodies (IgG). DNA associated with each of the
chromatin immunoprecipitates was amplified by qRT-PCR with primers specific for the promoter regions of miR-302 and Oct4 or GAPDH cDNA as a negative
control. The qRT-PCR results shown here are representative examples of the results of at least three experiments performed with the BG-01 cell line. Error bars
represent standard deviations. The two major complexes of nuclear extract-bound probe, designated A and B, are indicated with arrows to the right of the gels.
+, present; —, absent; FP, free probe; SS, supershift; Comp, competitor; NE, nuclear extract; Ab, antibody; ChIP, chromatin immuniprecipitation.

supplemental material). Similarly, undifferentiated cells also supplemental material). Decreased Oct4 protein expression
expressed miR-302a very abundantly. As a control, Oct4 (Fig. 2B; see Fig. S2b in the supplemental material) paralleled
mRNA expression was also analyzed and was only detected in the relative decreases in miR-302 and miR-302a expression
undifferentiated pluripotent cells (Fig. 2A; see Fig. S2a in the throughout the differentiation period, consistent with Oct4
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FIG. 2. Oct4 expression correlates with expression of miR-302 miRNAs during RA treatment. (A, B, and C) hESCs exposed to 1 uM RA for
0 to 10 days were harvested, and RNA and protein extracted from whole-cell lysates were analyzed by qRT-PCR with primers specific to miR-302
transcript, miR-302a, and Oct4 (A); by Western blotting with antibodies specific to Oct4 and a-tubulin (Tub) (B); and by qRT-PCR with primers
specific to miR-302b, -c, and -d (C). (D) NTERAZ2 cells exposed to RA for 10 days were analyzed as described for panel A with primers specific
to the miR-302 transcript and miR-302a or by Western blotting with antibodies specific to Oct4 and B-actin. The qRT-PCR and Western blots
shown here are representative examples of the results of three experiments performed with H1 cells or NTERAZ2 cells. +, treated with RA; —,

not treated with RA. Error bars represent standard deviations.

functioning as a transcriptional activator, rather than repres-
sor, of this gene cluster. We also tested the expression of three
other mature miRNAs from this cluster, miR-302b, -c, and -d,
in hESCs (Fig. 2C; see Fig. S2¢ in the supplemental material)
and showed that these miRNAs are highly expressed in undif-
ferentiated cells relative to their levels of expression in differ-
entiated cells. The miR-302 polycistronic transcript and miR-
302a were similarly expressed in Oct4-positive embryonal
carcinoma NTERAZ2 cells, but not in NTERA2 cells treated
with RA (Fig. 2D). Intriguingly, the levels of mature miR-302a,
-b, -c, and -d seem to be extremely high in undifferentiated
cells, roughly equivalent to the level of 5S rRNA in hESCs.
Oct4/Sox2 is required for miR-302a expression. To deter-
mine whether Oct4 and Sox2 transcription factors directly ac-
tivate the miR-302 promoter, we cloned a 1-kb fragment of the
miR-302 promoter (~1 kb upstream of the predicted transcrip-
tion start site) into the pGL3 vector (Fig. 3B). We introduced
this construct into hESCs that had been depleted of Oct4 and
Sox2 proteins by using siRNAs (Fig. 3A). When the pGL3-
miR-302 construct was introduced under conditions of Oct4
and Sox2 depletion, we observed an ~65% reduction in lucif-
erase activity compared to the luciferase activity with control
siRNA (Fig. 3B). These results suggest that the miR-302 gene

is under the direct control of Oct4 and Sox2 transcription
factors in hESCs.

To further validate that Oct4 and Sox2 are required for
miR-302 expression, we analyzed the expression of miR-302a
in hESCs transfected under conditions of Oct4 and Sox2
knockdown. The expression level of miR-302a under Oct4/
Sox2-depleted conditions was reduced by more than 50% in
comparison with the level in cells transfected with nontargeting
siRNAs (Fig. 3C and D). Oct4 knockdown alone leads to a
small decrease in miR-302a levels, whereas Sox2 knockdown
alone has a minimal effect. These data show that the expression
of miR-302a is dependent on Oct4/Sox2 in hESCs and suggest
that Oct4 and Sox2 function as transcriptional activators.

We also introduced pGL3-miR-302 into HeLa cells under
conditions of overexpression of Oct4 and Sox2 (Fig. 3E). We
observed about a 1.6-fold increase in luciferase activity in the
presence of Oct4 and Sox2 transcription factor in HeLa cells
(Fig. 3F).

miR-302 is expressed in early embryogenesis. We next an-
alyzed the expression of the miR-302 transcript and miR-302a
in early mouse embryos to determine whether the miR-302
miRNAs are expressed at the same developmental time points
and in the same tissues as Oct4. QqRT-PCR analysis was per-



VoL. 28, 2008

B -1000 bp

Oct4/Sox2-REGULATED miR-302 TARGETS CYCLIN D1 6431

-500 bp o
: [l Oct4 binding site
NS O/s Luciferase O Sox2 binding site
— Oct4
0.3
c
§ 0.2
3 0.1
14
0.05
NS (OS] NS O/s
pGL3 pGL3-302
C NS O s oI D
0.147 iR-302;
| - —-— | octa miRne
»0.127
e
| - - - | Sox2 : ot
: 2 |
| | 50.08
“ Q o
B-actin  0.06
0.04
0.021
o H
NS (0] S o/s
]
E ; £ F
@ @
‘? £ 0.03
@ (3]
6‘ 6 0.025
(=% Qo
+ - 4+ - Vector 9:02
- + - + Oct4-Sox2 constructs 0.015
[S— - —
B-actin
T 2 3 4 vector Oct4/Sox2 vector Oct4/Sox2
pGL3 pGL3-miR-302

FIG. 3. Oct4 and Sox2 transcription factors are required for expression of miR-302 miRNAs. (A) BG-01 cells were transfected with 200 nM
nonspecific control (NS) or 100 nM each of Oct4 and Sox2 (O/S) siRNA oligonucleotides as described in Materials and Methods, and whole-cell
extracts were made. Oct4, Sox2, and B-actin protein expression levels were analyzed by Western blotting with specific antibodies. (B) BG-01 cells
were transfected with pGL3-Basic or pGL3-miR-302 with either nonspecific control siRNA (NS) or Oct4/Sox2 siRNA (O/S) as described for panel
A for 48 h. In addition, all samples were transfected with pRL-CMYV as a transfection control. Cell extracts were then harvested and analyzed for
relative luciferase activity. A schematic of the cloned promoter region in pGL3-miR-302 is shown. luc/ren, luciferase/Renilla activities. (C) BG-01
cells were transfected with 100 nM of nonspecific control (NS), Oct4 siRNA (O), Sox2 siRNA (S), or Oct4/Sox2 siRNA (O/S) as described for panel
A, and Oct4, Sox2, and B-actin protein expression levels were analyzed by Western blotting with specific antibodies. (D) qRT-PCR was used to
analyze the relative expression levels, normalized to 5S rRNA levels, of the mature miR-302a miRNA in the siRNA-depleted cells. (E) HeLa cells
were transfected with pGL3-Basic or pGL3-miR-302 with pCAG-Myc-Oct4 and pCAG-HA-Sox2 cotransfection or empty vector cotransfection.
Western blots were probed with Oct4, Sox2, and B-actin antibodies. +, present; —, absent. (F) HeLa cell lysates were analyzed for relative
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formed on RNA isolated from mouse embryos at developmen-
tal stages E3.5, E6.5, E7.5, and E8.5 (Fig. 4A). The miR-302
polycistronic transcript was expressed at E6.5, E7.5, and ES8.5,
again corresponding well with the relative levels of Oct4 at
these stages. miR-302a was also expressed at these develop-
mental time points. While the expression of the miR-302 tran-
script peaked at E6.5, the expression of miR-302a was greatest
at E7.5, suggesting that the processing of the mature miRNA
may lag behind the expression of the primary transcript. De-
spite robust expression of Oct4 at E3.5, however, there was
very little expression of either the miR-302 polycistronic tran-
script or miR-302a at this stage.

To determine the tissue-specific expression of miR-302a
during embryogenesis, we performed in situ hybridization with
E6.5 and E7.5 embryos. The complementary sequence of miR-

302a, linked to digoxigenin, was used as a probe, and a scram-
bled probe was used as the negative control. At E6.5, the
expression of miR-302a is largely confined to the epiblast (Fig.
4B), a region that is also known to be Oct4 positive, as con-
firmed by the results of immunohistochemistry (see Fig. S3 in
the supplemental material). At E7.5, miR-302a is also ex-
pressed in the same region as Oct4 (11). The results of these
experiments confirm that miR-302 is expressed at the same
developmental time points during embryogenesis as Oct4.
miR-302 miRNAs target cell cycle regulators and promote
an ESC-like cell cycle. We predicted potential targets of ma-
ture miR-302 miRNAs based on the fact that four of the eight
mature miRNAs (miR-302a, -b, -c, and -d) were highly homol-
ogous, particularly in the 5’ seed region (39) to which miRNAs
bind and which is complementary to the corresponding posi-
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FIG. 4. miR-302 is expressed in early embryogenesis. (A) CD1 embryos were isolated at E3.5, E6.5, E7.5, and E8.5 points of development. RNA
was extracted and analyzed by qRT-PCR for levels of Oct4 mRNA, miR-302 transcript, and miR-302a, and the average relative expression levels
are shown. (B) E6.5 and E7.5 embryos were analyzed by in situ hybridization with probes for miR-302a (miR-302) and a negative control, as
indicated. Top, E6.5 and E7.5 embryos in the same field; bottom, E6.5 and E7.5 embryos, as indicated. Bars show sizes as indicated.

tions in the 3'UTR of target mRNAs (1). This suggested that
these miRNAs were targeting the same mRNAs. As described
in Materials and Methods, we generated a list of potential
targets subject to posttranscriptional repression by miR-302a,
-b, -c, and -d (see Fig. S4 in the supplemental material). We
noticed immediately that many of these targets were cell cycle
regulators.

In differentiated cells, G, phase is generally the longest
phase of the cell cycle, and in ESCs, G, phase is very short
(approximately 1 to 2 h). Retinoblastoma protein (Rb) is main-
tained in a hyperphosphorylated state throughout G, in ESCs
(37). We hypothesized that ESCs may express a negative reg-
ulator of G, phase, such as miR-302, that is not present in
differentiated cells. By using FACS analysis to evaluate the cell
cycle profiles of propidium iodide-stained hESCs progressively
undergoing RA-induced differentiation, we began to investi-
gate the effect of miR-302 expression on cell cycle progression
(see Fig. S5a in the supplemental material). In pluripotent
hESCs, the majority (approximately 50%) of cells were in S
phase, consistent with observations reported by other groups
(10, 37). As cells progressively differentiated, the cell cycle
profiles shifted from a high S-phase population to a high G;-
phase population, while there was little change in the number
of cells in G,/M. Additionally, in samples differentiated with
RA for 10 days, there were approximately one-half the number
of cells compared to the number of pluripotent cells (see Fig.
S5b in the supplemental material), suggesting that the cell
cycle time had slowed down. Taken together, our observations
raise the possibility that as hESCs differentiate, cell cycle pop-
ulations progressively shift from a short G,-phase cell cycle to
a long G;-phase cell cycle and that this shift is mediated by
miR-302 attenuation of cell cycle regulator expression in plu-

ripotent cells. We also observed the same increase in the pop-
ulation of G,-phase NTERAZ2 cells that had been differenti-
ated with RA (see Fig. S5c in the supplemental material). To
test this, we decided to investigate the effect of expressing
miR-302a in nonpluripotent cells.

We transfected HeLa cells with pre-miR-302a or a negative
control pre-miR. The results of cell cycle analysis demon-
strated that the expression of miR-302a caused increases in the
populations of S-phase (P < 0.01) (Fig. 5A and B) and G,/M-
phase (P < 0.05) cells. Additionally, we observed a decrease in
the number of cells in G, phase (P < 0.01). Similar results were
observed when the experiment was repeated with MCF-7 cells
(see Fig. S6 in the supplemental material). Due to the fact that
both of these cell lines are transformed, we also repeated the
experiment with a primary cell line, NHFs. When NHFs were
transfected with pre-miR-302a, their cell cycle profile shifted
to an increased S-phase population (P < 0.01) (Fig. 5C and D)
and a decreased G,-phase population (P < 0.05). Since the
exogenous expression of miR-302 promoted cell cycle profiles
reminiscent of a more-ESC-like cell cycle distribution (10, 38),
we next decided to test the function of miR-302a in the cell
cycle of pluripotent cells.

To investigate the effect of miR-302 expression on the hESC
cell cycle, we inhibited the function of miR-302a, -b, -c, and -d
in hESCs with single-stranded sequence-specific nucleic acid
inhibitors (anti-miR-302). In hESCs transfected with anti-miR-
302, mature miR-302a levels were decreased due to the fact
that the anti-miR inhibitors bind irreversibly to the miRNAs,
causing them to be unavailable both functionally and for the
analysis (see Fig. 7A.). Cell cycle analysis of hESCs transfected
with anti-miR-302 showed an increase in the population of
G,-phase cells compared to this population in cells transfected
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FIG. 5. The expression of miR-302 cluster miRNAs is associated with a short G, phase. HeLa cells were transfected with pre-miR-302a or
negative (neg) control pre-miR. Cell cycle analysis was performed by FACS. Percentages of cells in G,, S, and G,/M are depicted in the graph.
Shown here are a typical FACs analysis plot (A) and a graph representing the means = SEM of the results of three independent experiments (B).
(C and D) NHFs were transfected with pre-miR-302a or negative control pre-miR. Shown here are a typical FACs analysis plot (C) and a graph
representing the means = SEM of the results of four independent experiments (D). (E and F) BG-01 cells grown on Matrigel plates were

transfected by nucleofection with 200 pmol each miR-302a, -b, -c, and

-d inhibitors (inh) or the negative control, as described in Materials and

Methods, and cell cycle analysis was performed by FACS. Percentages of cells in Gy, S, and G,/M are depicted in the graph. Shown here are a
typical FACs analysis plot (E) and a graph representing the means = SEM of the results of three independent experiments (F).

with the control, a random-sequence nucleic acid inhibitor (P =
0.05) (Fig. 5SE and F). This result demonstrated that the inhi-
bition of miR-302 in hESCs causes a change in the cell cycle
profile, specifically by increasing the population of cells in G,
phase, a trend consistent with a differentiated cell type.
miR-302 miRNAs posttranscriptionally repress cyclin D1
expression in hESCs. Of the candidate miR-302 targets, cyclin
D1 was an intriguing possibility because ESCs are known to
have low levels of cyclin D1 expression (38) and a short G,
phase that is regulated by pathways other than the cyclin

D/Cdk4-mediated regulation of Rb (37). Moreover, the pre-
dicted miR-302a binding domain in the cyclin D1 3'UTR is
highly conserved (see Fig. S7 in the supplemental material). To
determine if cyclin D1 is indeed a target of posttranscriptional
regulation by miR-302a, -b, -c, and -d, we first examined the
expression of cyclin D1 in hESCs that had been differentiated
with RA. The results of the analysis of hESC lysates by West-
ern blotting and qRT-PCR demonstrated that as differentia-
tion proceeded, cyclin D1 protein levels increased, but there
was little change in cyclin D1 mRNA levels (Fig. 6A; see Fig.
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Cdko6, and E2F1 protein expression in extracts of H1 cells treated with RA.

S8a in the supplemental material). We also observed the same
results in NTERAZ2 cells differentiated with RA (Fig. 6B). The
change in cyclin D1 expression levels cannot be attributed to
any contribution from the MEF coculture cells, as these cells
alone do not demonstrate any change in cyclin D1 expression
in the results of a similar experiment (see Fig. S8b in the
supplemental material). These data are consistent with cyclin
D1 protein and mRNA expression patterns in differentiating
mESCs (16) and with cyclin D1 being a target of miR-302
translational repression.

We also screened other putative targets of miR-302 which
are known to be involved in cell cycle regulation, such as E2F1,
Cdk2, and Cdk6 (Fig. 6C). We also screened the cyclin D1
binding partner, Cdk4, as cyclin D1/Cdk4 complexes display
low levels of kinase activity in mESCs. The results of sequence
analysis revealed a potential miR-302a binding site just up-
stream of the Cdk4 3'UTR (see Fig. S7d in the supplemental
material). Although this site is located in the coding region,
miRNAs are predicted to bind to open reading frames of
human targets (20, 25) and have been shown to bind to coding
regions of plant mRNAs (23). Kinases Cdk2, Cdk4, and Cdk6
are all expressed at low levels in the pluripotent cells and at
increased levels in cells differentiated by treatment with RA.
Therefore, miR-302 may target these mRNAs to regulate their
expression. The potential target E2F1 demonstrated no change
in its expression level over the course of differentiation.

To determine if in fact miR-302 was posttranscriptionally
repressing cyclin D1 in hESCs, we inhibited the function of
miR-302a, -b, -c, and -d with single-stranded sequence-specific
nucleic acid inhibitors (anti-miR-302). In hESCs transfected
with anti-miR-302, mature miR-302a levels were decreased
due to the fact that the anti-miR inhibitors bind irreversibly to
the miRNA, causing them to be unavailable both functionally
and for the analysis (Fig. 7A). Under these conditions, the
cyclin D1 protein level was increased, but there was no change
in the cyclin D1 mRNA level. This suggested that miR-302
translationally represses cyclin D1 expression in hESCs. Nota-
bly, the Oct4 and Sox2 protein levels were equivalent in cells
transfected with anti-miR-302 and the control, suggesting that
these cells have not differentiated.

We predicted from the results of these experiments that if
miR-302 was acting as a negative regulator of cyclin D1 protein
levels in hESCs, the introduction of miR-302a into differenti-
ated cells would lead to a decrease in cyclin D1 protein levels.
We tested this directly by transfecting HeLa cells with pre-
miR-302a, a precursor molecule of the mature miRNA, or with
negative control pre-miR, a random-sequence precursor mol-
ecule that does not code for any known miRNA. The results of
the qRT-PCR analysis of cell extracts demonstrated that miR-
302a was generated in cells transfected with pre-miR-302a, but
not in cells transfected with the negative control pre-miR (Fig.
7B). Additionally, the levels of an endogenous miRNA, miR-
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24, were unaffected by transfection with pre-miR-302a. Cyclin
D1 protein was significantly diminished in cells transfected
with pre-miR-302a compared to its level in cells transfected
with the negative control pre-miR, while cyclin D1 mRNA was
expressed at the same level in cells transfected with pre-miR-
302a and negative control pre-miR. Additionally, the level of
cyclin Al protein, which is not a potential target of miR-302a,
was unaffected by transfection with pre-miR-302a.

To resolve whether miR-302a regulates cyclin D1 directly or
indirectly, we inserted the region of the cyclin D1 3'UTR
predicted to bind to miR-302a into the 3'UTR of a luciferase
reporter plasmid (Fig. 7C). We also generated a negative con-
trol reporter plasmid in which the cyclin D1 3'UTR was mu-
tated by changing the nucleotides within the 8-bp site of
complementarity to the 5’ seed regions of the miRNAs. HeLa
cells were transfected with one of these plasmids in the pres-
ence of either pre-miR-302a or negative control pre-miR (Fig.
7D). There was a decreased level of relative luciferase activity
in cells expressing miR-302a compared to the level in the
negative control after transfection with the WT cyclin D1 UTR
plasmid (P < 0.05), whereas the cells transfected with the
mutant cyclin D1 UTR plasmid did not have a decrease in
relative luciferase activity, suggesting that miR-302a directly
regulates the expression of cyclin D1. As miR-302a is not
endogenously expressed in these cells, we wanted to verify this
result using pluripotent cells that express mature miR-302
miRNAs. In this case, we transfected hESCs with the vectors
described above in the presence of either specific inhibitors of
miR-302a, -b, -c, and -d (anti-miR-302) or a negative control
inhibitor (anti-miR negative control) (Fig. 7E). In cells trans-
fected with the WT cyclin D1 UTR plasmid, the inhibition of
miR-302a, -b, -c, and -d caused an increase in relative lucifer-
ase activity compared to the luciferase activity in the anti-miR
negative control cells (P < 0.05), whereas no such increase was
observed in cells transfected with the cyclin D1 mutant UTR
plasmid. These data strongly suggest that miR-302a, -b, -c, and
-d translationally repress cyclin D1 in hESCs.

The Cdk4 protein levels were increased in response to the
inhibition of miR-302 in hESCs (Fig. 8A), suggesting that
Cdk4 is also a target of miR-302. Additionally, the transfection
of pre-miR-302a into HeLa cells caused the Cdk4 protein
levels to decrease (Fig. 8B), demonstrating that Cdk4 is a
target of miR-302 even in a heterologous system.

DISCUSSION

It is clear from the results of recent analyses using human
and mouse systems that the homeodomain proteins Oct4,
Sox2, and Nanog are at the top of a transcriptional hierarchy
that is responsible for the initiation and/or maintenance of the
expression of a group of genes that positively regulate the
pluripotent phenotype and repress those genes associated with
differentiation (2, 24). The results of recent studies have also
implicated transcription factors associated with cell cycle con-
trol, including Myc and Klf4, in reprogramming differentiated
cells to pluripotent cells (40). Less well understood are the
mechanisms by which these individual genes participate in the
multiple downstream signaling pathways and regulatory cas-
cades. The findings reported here may suggest a connection
between the transcriptional activation of the miR-302 cluster
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FIG. 8. Expression analysis of the potential miR-302 target Cdk4.
(A) Western blot analysis of Cdk4 protein expression in BG-01 cells
transfected with negative control (neg) or miR-302a, -b, -c, and -d
inhibitors (inh) as described for Fig. 7A. (B) Western blot analysis of
Cdk4 protein expression in HeLa cells transfected with negative con-
trol (neg) or pre-miR-302a as described for Fig. 7B. aTub, a-tubulin.

by Oct4 and Sox2 and the translational repression of cell cycle
regulators, including cyclin D1, in hESCs.

The expression of tissue-specific miRNAs is regulated by
transcription factors controlling gene expression networks as-
sociated with cell-type specificity (6, 9, 34). We have shown
that miR-302 is expressed in the same cells as Oct4 (Fig. 2; see
Fig. S2 in the supplemental material). We also show that Oct4
and miR-302 are expressed concomitantly and in the same
tissues during early stages of mouse development (Fig. 4; see
Fig. S3 in the supplemental material), and it is likely that this
gene cluster plays an important role in pluripotent cells in vivo.

Oct4, Sox2, and Nanog all bind to the putative promoter
region of the miR-302 cluster of miRNAs (Fig. 1D to H), and
Oct4 and Sox2 are required for the expression and transcrip-
tional activation of miR-302 in hESCs (Fig. 3), suggesting that
these factors are transcriptionally activating the miR-302 pri-
mary transcript in pluripotent cells. As is the case for other
genes regulated by Oct4 and Sox2, the binding sites for these
factors are located in close proximity to one another, consis-
tent with the idea that Oct4 and Sox2 bind their targets syn-
ergistically (35). The predicted binding sites for these factors
are well conserved upstream of similar polycistronic clusters of
miR-302 homologs among vertebrates that develop as amniotic
embryos (Fig. 1A; see Fig. S1 in the supplemental material),
suggesting that the expression of this gene by Oct4 and Sox2 is
important for conserved mechanisms during development. In-
terestingly, the zebrafish genome contains many copies of a
related cluster of miRNAs, miR-430a-b-c (12). Like the miR-
302 cluster, this cluster of miRNAs is expressed at early em-
bryonic stages and is additionally required for brain morpho-
genesis (12, 13), thus sharing a similar phenotype with the
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zebrafish POUSFI ortholog, spg (3). Taken together, these
data suggest that Oct4 and miR-302 family members are part
of an ancestrally conserved mechanism.

We have shown that one function of four of the mature
miRNAs from the miR-302 cluster, miR-302a, -b, -c, and -d, is
to repress the posttranscriptional expression of cyclin D1 (Fig.
7). Collectively, the inhibition of these miRNAs causes upregu-
lation of cyclin D1 protein in hESCs (Fig. 7A), although this
likely requires only a single miRNA for each individual tran-
script, due to the functional redundancy of the homologous 5’
seed region of the miRNAs. Importantly, the expression of
cyclin D1 in hESCs is not completely abolished by the miRNAs
in pluripotent cells; instead, these factors have a dampening
effect on the protein’s translation.

The exogenous expression of miR-302a in primary and
transformed cells increased the number of S-phase cells and
decreased the number of G,-phase cells (Fig. 5). This pheno-
type is reminiscent of the unique cell cycle characteristics of
mESCs and epiblast cells (10, 37). More significantly, the in-
hibition of miR-302a, -b, -c, and -d in hESCs caused an in-
crease in the number of cells in G, phase, suggesting that
miR-302 is a negative regulator of G, and/or promotes entry
into S phase. The control of rapid advancement through G,
has been proposed to be fundamental to stem cell identity in
vivo (14), although specific factors have yet to be identified.
Additionally, in the absence of functional miRNAs, mESCs are
only able to grow when they demonstrate an augmented G,
population (27), suggesting that Dicer mutants fail to generate
factors that cause rapid progression through G, phase. More-
over, the results of studies of Drosophila melanogaster demon-
strate that miRNAs are required to bypass the G, checkpoint
in germ line stem cells (14), suggesting that an extended G,
phase may be detrimental to stem cell identity.

While we have focused on cyclin D1 as a target of miR-302
translational repression, it is unlikely that the change in the cell
cycle distribution caused by the expression of miR-302 in trans-
formed and primary cells is uniquely dependent on this cyclin
alone. In fact, miRNAs are thought to typically affect hundreds
of targets, and this is likely also the case for miR-302. We
demonstrate here that miR-302 is in fact also targeting Cdk4
(Fig. 8). We have also identified a number of potential miR-
302 targets which are cell cycle regulators (see Fig. S4 in the
supplemental material), and many of these, such as Rb, E2F1,
p130, Cdk2, and Cdk6, are intricately involved in the regula-
tion of G, phase (see Fig. S4 in the supplemental material).
Further testing of these individual targets will validate their
roles in miR-302-mediated cell cycle regulation in ESCs.
Therefore, the miR-302-mediated regulation of cell cycle pro-
gression may be attributable to its targeting multiple mRNAs.
In fact, Linsley et al. found that transfection with an unrelated
miRNA, miR-16, caused an accumulation of cells in G, (22).
However, Linsley et al. found that to mimic the effect of
miR-16 inhibition on cell cycle progression, the expression of
four target genes had to be repressed by siRNA before a
similar cell cycle effect was observed (22), suggesting that
miR-16 coordinately regulates multiple targets which collec-
tively cause the observed G, accumulation. This suggests that
miR-302 may also be coordinately targeting multiple G,-phase
regulators in addition to cyclin D1 and Cdk4 to act as a neg-
ative regulator of G,.
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Our data suggest that Oct4/Sox2 is transcriptionally activat-
ing and required for the expression of miR-302. In hESCs,
miR-302 translationally represses cyclin D1, which may link
Oct4/Sox2 to the cell cycle regulation of pluripotent cells. In-
deed, the expression of miR-302 promotes an ESC-like cell
cycle profile, while the inhibition of miR-302 in hESCs causes
a shift in the cell cycle to resemble a more-differentiated pop-
ulation. Since the therapeutic potential of hESCs depends on
their unique ability to maintain pluripotency and self-renew in
vitro, understanding the factors that mediate these processes,
such as the transcriptional control of cell cycle regulation, is
critical to realizing the potential of hESCs in disease therapies.
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