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Transcription of microRNAs (miRNAs) is thought to be regulated similarly to that of protein-coding genes.
However, how miRNAs are regulated during the cell division cycle is not well understood. We have analyzed the
transcription profiles of miRNAs in response to mitogenic stimulation in primary fibroblasts. About 33% of the
miRNAs expressed in these cells are induced upon exit from quiescence. Many of these miRNAs are specifically
induced by E2F1 or E2F3 during the G,/S transition and are repressed in E2F1/3-knockout cells. At least four
miRNA clusters, let-7a-d, let-7i, mir-15b-16-2, and mir-106b-25, are direct targets of E2F1 and E2F3 during G,/S
and are repressed in E2F1/3-null cells. Interestingly, these miRNAs do not contribute to E2F-dependent entry
into S phase but rather inhibit the G,/S transition by targeting multiple cell cycle regulators and E2F targets.
In fact, E2F1 expression results in a significant increase in S-phase entry and DNA damage in the absence of
these microRNAs. Thus, E2F-induced miRNAs contribute to limiting the cellular responses to E2F activation,
thus preventing replicative stress. Given the known function of E2F of inducing other oncogenic miRNAs,
control of miRNAs by E2F is likely to play multiple roles in cell proliferation and in proliferative diseases such

as cancer.

MicroRNAs (miRNAs) are small (~23-nucleotide [nt]) reg-
ulatory RNA molecules that exert posttranscriptional control
of specific target mRNAs (3). More than half of the human
protein-coding genes appear to have been under selective pres-
sure to maintain pairing of their 3’ untranslated regions (3'-
UTRs) to miRNAs (5). This interaction is known to induce
mRNA degradation or inhibition of translation through spe-
cific albeit imperfect base pairing (22, 24). Several target genes
have been validated, indicating that each individual miRNA
can target a few or, possibly, multiple genes. These small
miRNAs therefore regulate fundamental cellular processes
such as proliferation, differentiation, or apoptosis during de-
velopment (65). In addition, deregulation of miRNAs is fre-
quently observed in a wide range of diseases, including cancer
(19, 21). The analysis of miRNA function and regulation in
specific cellular processes has proven to be required for a full
understanding of malignant transformation and to envision
new therapeutic possibilities.

Tumor development is accompanied by a variety of genetic
and epigenetic alterations in protein-coding genes and small,
noncoding RNA genes. By regulating specific oncogenes or
tumor suppressor molecules, miRNAs may have profound ef-
fects on tumor development. The first report linking miRNAs
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and cancer showed a frequent deletion of miR-15a and miR-
16-1 in patients with B-cell chronic lymphocytic leukemia (13).
Further analysis of miRNA expression signatures has sug-
gested a frequent involvement of miRNAs in the initiation and
progression of human tumors (12). Although the critical tar-
gets for most cancer-associated miRNAs are unknown, some
relevant targets have been characterized in specific malignan-
cies. The mir-15a-mir-16-1 (mir-15a-16-1) cluster may control
proliferation, survival, and invasion regulators such as Bcl2,
Wtl, Tab9B, and Mage83 (8, 19). The tumor suppressor let-7
miRNAs act as tumor suppressors in several pathologies, such
as lung cancer, by modulating major oncogenes, such as Ras or
Myc, among many others (60). miR-203 modulates T-cell and
myeloid leukemias through the repression of the ABL onco-
gene and the BCR-ABL translocation product (11). In addi-
tion, cancer-associated miRNAs may regulate cell cycle pro-
gression at multiple levels by directly targeting proteins such as
E2F transcription factors, cyclin-dependent kinases (CDKs),
cyclins, and CDK inhibitors (10, 16, 19).

How miRNAs themselves are regulated is less understood.
A few transcriptional networks control the expression of
miRNAs that modulate the diverse pathways downstream of
these networks. A few miRNAs are known to be induced by
Myc or E2F transcription factors. Myc and E2F members are
able to induce the mir-17-92 cluster that, in turn, controls E2F
expression (1, 55, 71). E2F transcription factors are addition-
ally modulated by several other miRNAs, such as members of
the mir-106a-92 and mir-106b-25 clusters (paralogs to the mir-
17-92 cluster) (57), miR-210 (30), miR-128 (74), miR-34 (66),
or miR-20 (58). The oncogenic effect of Myc is not only exerted
through the induction of the mir-17-92 cluster, since Myc also
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represses a significant number of antiproliferative miRNAs
(14). Activation of the p53 tumor suppressor also results in
induction or repression of several miRNAs. miR-34a is directly
induced by p53, and it participates in the antiproliferative
responses to p53 by repressing cell cycle regulators such as
cyclin D1 and CDKG6 (32). In addition, several miRNAs, in-
cluding those carried by the mir-17-92, mir-106a-92, and mir-
106b-25 paralog clusters, are downregulated by p53 in a E2F-
dependent manner, leading to decreased proliferation and
senescence (9, 57).

In the present study, we have examined the overall expres-
sion of miRNAs through the initial phases that drive the entry
into the cell cycle in mammalian primary cells. A relevant
percentage of miRNAs (about 30%) are induced after stimu-
lation with serum and passage through the G, phase of the cell
cycle. Since E2F transcription factors control these stages of
the cell cycle, we have characterized in detail the transcrip-
tional control of several of these miRNAs by the activating
E2F factors E2F1, -2, and -3. Some G,-induced miRNAs, such
as the ones encoded by the mir-106b-25 or mir-15b-16-2 clus-
ters or specific let-7 miRNAs, are induced by E2F1 or E2F3. In
addition, these miRNAs are downregulated in E2F1-knockout
or E2F3-knockdown cells, suggesting the functional relevance
of these transcription factors in the control of these small
RNAs. We have confirmed the direct binding of E2F factors to
the promoter regions of four different miRNA clusters using
chromatin immunoprecipitation (ChIP). Interestingly, the
miRNAs expressed by these clusters inhibit entry into S phase
and downregulate cell cycle regulatory genes, including E2F
targets. These results suggest a role for E2F-induced miRNAs
in limiting the cellular effects of E2F-dependent gene expres-
sion and in the prevention of replicative stress.

MATERIALS AND METHODS

Cell culture and transfections. Mouse embryonic fibroblasts (MEFs) were
isolated from wild-type mice, E2F1-null mice (23), or E2F2-null mice (53) using
routine protocols and cultured in Dulbecco modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (28). For cell cycle entry
analysis, these MEFs were stimulated with 10% FBS after 3 days in the presence
of 0.1% FBS. This protocol usually results in a good synchronization in G (as
detected by biochemical studies), although about 5% of cells seemed to be in S
phase by DNA content analysis (28, 50, 51). For knockdown E2F3 expression,
wild-type MEFs were trypsinized and infected with empty control or lentiviral
vectors expressing small interfering RNAs against mouse E2F3, as described
previously (34). Cells infected with virus were identified with green fluorescent
protein (GFP) signaling by flow cytometry (~90% of the transduced cells yielded
a positive signal). Cells expressing the 4-hydroxytamoxifen (4-OHT)-inducible
form of E2F1, E2F2, or E2F3 were kindly provided by K. Helin (52). Induction
of E2F activity was achieved by treating cells with 300 nM 4-OHT, and miRNAs
were analyzed after 8 h of treatment. For exogenous expression of miRNAs,
miRNA genes were expressed in the pMirVec vector, as reported previously
(70). For knockdown of endogenous miRNA expression, anti-miRNA inhibitors
were purchased from Ambion and used by following the manufacturer’s recom-
mendations. MEFs were transfected with pMirVec plasmids or anti-miRNA
inhibitors using Lipofectamine (Invitrogen).

Transcriptional profiles and target analysis. Total RNA was prepared from
cells using TRIzol reagent (Invitrogen). miRNA arrays were purchased from
Invitrogen and processed according to the manufacturer’s recommendations.
Significantly deregulated microRNAs were computed using the TM4 package
(61) and the limma package from Bioconductor (http://www.bioconductor.org).
Clustering was performed using the self-organizing tree algorithm included in
the TM4 package. Precomputed microRNA targets were obtained from miR-
Base targets database v5 (http://microrna.sanger.ac.uk/) or the EIMMo miRNA
target prediction server (http://www.mirz.unibas.ch/EIMMo2/). Statistical signif-
icance was analyzed using the two-tailed Fisher exact test and Prism (GraphPad)
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software. Gene ontology was analyzed using the EIMMo server, the Ontologizer
(http://compbio.charite.de/index.php/ontologizer2.html), or the FatiScan algo-
rithm (Babelomics) (2).

Reverse transcription PCR (RT-PCR) analysis was carried out using
SuperScript retrotranscriptase (Invitrogen). PCR products were obtained
after 25 cycles of amplification, with an annealing temperature of 60 to 65°C.
The following oligonucleotides were used: E2F1-RT-Fw, 5'-AGGCTGGATC
TGGAGACTGA-3"; E2F1-RT-Rv, 5'-GAGTCCTCCGAAAGCAGTTG-3';
E2F2-RT-Fw, 5'-CCGCCACCACCTACTACACT-3"; E2F2-RT-Rv, 5'-CTGCC
TACCCACTGGATGTT-3'; E2F3-RT-Fw, 5'-TGCAGTCTGTCTGAGGATG
G-3'; and E2F3-RT-Rv, 5'-GGGTCTGTGTGTTTCCGTCT-3'. GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) served as the normalization control.
For quantitative analysis of miRNA expression, total RNA was amplified using
oligonucleotides specific for different miRNAs (TagMan microRNA assay kit;
Applied Biosystems, Foster City, CA), according to the manufacturer’s instruc-
tions, in an Applied Biosystems 7900HT fast real-time PCR apparatus. Ampli-
fication of Sn0202 was used for normalization. The data analysis was done using
the Sequence Detection Systems 2.2.2 program (Applied Biosystems, Foster
City, CA).

Chromatin binding and immunoprecipitation. Putative E2F recognition sites
were analyzed using ConSite (http://consite.genereg.net/), and miRNA or
miRNA clusters with putative E2F sites above the recommended threshold were
selected. For chromatin binding analyses, chromatin was isolated as described
previously (34) from a pool of fibroblasts derived from five embryos. A total of
100 to 120 wg of precleared chromatin was incubated overnight at 4°C with 4 to
5 g of each of the following antibodies: SV40Tag (sc-147), E2F1 (sc-193), E2F2
(sc-633), E2F3 (sc-878), and E2F3 (sc-879) (all from Santa Cruz Biotechnology).
Note that the polyclonal antibody sc-193 is thought to cross-react with E2F3 (29).
Samples were then incubated with protein A-Sepharose at 4°C for 2 h. Immune
complexes were recovered and washed as reported previously (34). The elution
of the immune complexes was carried out with a buffer containing 0.1 M
NaHCOj; and 1% sodium dodecyl sulfate (SDS). Cross-linking was reversed by
addition of NaCl to a final concentration of 200 mM, followed by an overnight
incubation at 65°C, and RNA was removed with 10 ng of RNase A. Proteins
were digested with 80 wg of proteinase K at 42°C for 2 h, and the DNA was
extracted with phenol-chloroform and ethanol precipitation. DNA was am-
plified using primers complementary to the CDK1 promoter as well as to
specific sequences upstream of the different miRNA or miRNA clusters analyzed.
These sequences were selected after analysis with the ConSite software. Oligonu-
cleotide sequences are shown in the supplemental material. Quantification of im-
munoprecipitate-enriched DNA sequences was performed by real-time PCR
with the Power SYBR green PCR master mix and the Applied Biosystems 7000
Sequence Detection System, and analysis was done with the Sequence Detection
System 1.1 software. Samples were analyzed in triplicate. Data are represented as
percentages of the input, calculated by the equation, 22¢7 X 20, where the
change in threshold cycle (ACT) is determined by CTgiion of the input —
CT gitution of the 1P sample and “20” refers to the input being 20% of the chromatin
amount exposed to immunoprecipitation (IP).

Immunofluorescence. For high-throughput microscopy studies, cells were
grown on mClear 96-well dishes (Greiner Bio-One) and analyzer with a BD
Pathway 855 bioimager (Becton Dickinson) essentially as described previously
(54). 5-Ethynyl-2'-deoxyuridine (EdU) was detected using the Click-iT imaging
kit (Invitrogen), whereas phosphorylation of H2AX (yH2AX) was detected
using specific antibodies (Millipore), and secondary antibodies were conjugated
with Alexa 488 or 594 (Invitrogen). Image acquisition was performed at room
temperature using a 40X objective under nonsaturating exposure conditions.
These images were processed using the AttoVision software (BD Biosciences)
and Prism (GraphPad) for statistical purposes using Student’s ¢ test. To study
bromodeoxyuridine (BrdU) incorporation, cells were treated with short pulses
(30 min) of 10 mM BrdU. BrdU was detected using a specific antibody coupled
to fluorescein isothiocyanate (FITC; Roche), counterstained with propidium
iodide, and analyzed by cell cytometry (Becton Dickinson).

Protein analysis. Protein lysates were obtained as reported previously (11).
Proteins were transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA)
and probed with antibodies against the following proteins: YH2AX (Millipore),
cyclin E (Abcam), cyclin Bl (Chemicon), Cdk7 (Santa Cruz Biotechnology),
MCMS5 (a gift from Juan Méndez, CNIO), and cyclin D1, cyclin D2, Cdk7, E2F1,
E2F2, and E2F3 (all from Santa Cruz Biotechnology). In addition, anti-a-tubulin
antibody (Sigma) was used as a loading control. After being washed, blots were
incubated with the appropriate secondary antibodies coupled to Alexa Fluor 680
or 800 (Invitrogen). Subsequently, membranes were scanned using the Odyssey
infrared imaging system (LI-COR Biosciences).
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FIG. 1. Transcriptional profile of miRNAs during the cell cycle.
(A) Primary mouse embryonic fibroblasts (MEFs) were arrested by
serum starvation, and entry into the cell cycle was stimulated by the
addition of serum. These MEFs peak in S phase at about 18 h after
stimulation with serum, as detected by DNA content analysis. (B) Ex-
pression profile of miRNAs during the G,/S transition and in asyn-
chronously growing cells (As). Data are normalized versus the levels of
expression in serum-starved cells (G,). Red indicates overexpression,
and blue indicates downregulation compared to that of G, cells.
(C) Clustering of miRNAs (SOTA analysis) by their expression profile.
Class I contains miRNAs that are upregulated in asynchronously grow-
ing cells, whereas miRNAs that are not significantly modulated by
stimulation with serum are included in class IV. Classes II and III
contain miRNAs upregulated 6 to 12 h after cell cycle entry by serum
stimulation. (D) Expression profiles of miRNAs belonging to classes I,
II, and III during cell cycle entry.

RESULTS

miRNA expression during the early phases of the cell cycle.
To investigate the expression of miRNAs during the early
phases of the cell division cycle in normal cells, we used early-
passage wild-type mouse embryonic fibroblasts (MEFs). MEFs
were serum starved for 72 h and stimulated by addition of 10%
fetal bovine serum. As reported previously (28), these wild-
type cells peak in S phase at approximately 18 to 20 h after
stimulation with serum (Fig. 1A), and the cell cycle is com-
pleted in about 24 h. The miRNA expression profiles were
analyzed before (0 h) and several time points (6 h, 12 h, and
18 h) after serum addition to analyze the expression of
miRNAs during cell cycle entry. Asynchronously growing
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primary MEFs were also analyzed and compared to serum-
starved cells. Under these conditions, 159 microRNAs display
significant levels of expression in primary MEFs. The rest of
the miRNA probes in the array (233 murine probes; see
Materials and Methods) do not detect significant signals, sug-
gesting that these miRNAs are not expressed in early-passage
MEFs. As depicted in Fig. 1B, mitogenic stimulation with
serum results in a wide upregulation of a significant number
of miRNAs. No miRNA was consistently downregulated
during cell cycle entry in this assay.

A classification of these expression profiles (self-organizing
tree algorithm [SOTA]) indicates the presence of different
clusters of miRNA expression during cell cycle entry (Fig. 1C;
see also Fig. S1 and S2 in the supplemental material). Class I
(32 miRNAs) corresponds to miRNAs that significantly accu-
mulate in asynchronously proliferating cells but whose expres-
sion does not significantly increase during the early phases of
the cell cycle, suggesting that these miRNAs are either accu-
mulated after several cell cycles or induced by secondary path-
ways in proliferating cells (Fig. 1D). Class II (13 miRNAs) is
formed of miRNAs whose expression levels show significant
induction during G, which is maintained or further increased
in proliferating cells. Class III (14 miRNAs) also includes
miRNAs that were partially and transiently induced 6 to 18 h
after serum stimulation but whose expression levels, in most
cases, are not further induced in asynchronously proliferating
cells (Fig. 1D). Class IV (100 miRNAs) groups the rest of the
miRNAs that are expressed in MEFs but whose levels of ex-
pression did not significantly change in proliferating versus
quiescent cells (see Fig. S2 in the supplemental material). This
classification suggests that both class II and class III miRNAs
are specifically induced during the initial G,/S progression in
exiting from quiescence.

As a validation for the expression profiles, we compared
the expression of miRNAs expressed from the same tran-
script. Many miRNAs belonging to the same cluster display
similar patterns of expression. For instance, three mature
let-7 miRNAs, let-7a, let-7f, and let-7d (let-7a-7d transcript)
are expressed as a transcriptional cluster, and all of them
map to class III (Fig. 1 and Fig. 2). Similarly, miR-221 and
miR-222, which are expressed in the same mir-221-222 clus-
ter, or miR-143 and miR-145 (mir-143-145 cluster) belong to
class IT and display similar expression profiles. The expres-
sion of all clusters in which most members of the cluster are
included in class II or class III is represented in Fig. 2.
Clusters in which most members of the cluster were not
included in class II or class III (e.g., the mir-17-92 cluster)
were not further considered in this analysis (see Discussion).
On the other hand, there is also a good correlation in non-
expressed miRNAs belonging to the same cluster, con-
firming that these clusters are not significantly expressed
in primary MEFs under the conditions tested (data not
shown).

miRNA expression in cells overexpressing or lacking E2F
factors. Class IT and class III miRNAs are expressed in mid-G,
and the G,/S transition, which significantly depends on the
inactivation of the retinoblastoma pathway and transcriptional
induction by the E2F transcription factors (49, 67). In fact,
several of the miRNA genes or clusters, including those in
these categories, present putative E2F sites in their promoter
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FIG. 2. Control of miRNA expression by E2F transcription factors. This figure summarizes the expression profiles of class II and III miRNAs
or miRNA clusters upon acute expression of E2F transcription factors in E2F-inducible cells or in E2F1-3-knockout/knockdown cells. miRNAs
are organized by expression clusters. Their expression during stimulation with serum is shown in the first group of columns. The middle columns
summarize their expression upon tamoxifen-inducible expression of E2F1, E2F2, or E2F3 estrogen receptor fusion proteins normalized ver-
sus noninduced cells. The columns on the right summarize the expression profiles in E2F1- or E2F2-knockout cells or in E2F3-knockdown cells
normalized versus wild-type cells. In general, these data suggest a consistent control of several of these miRNA clusters mostly by E2F1 and E2F3
(upregulated in the middle group of columns and downregulated in the group of columns on the right).

sequences (see below). To analyze the expression of miRNAs
upon specific activation of E2F factors, we used stable cell lines
expressing E2F1, E2F2, or E2F3 factors fused to the estrogen
receptor (ER) (52). These three E2F family members are
thought to be responsible for the induction of genes during cell
cycle progression (18, 67). These inducible cell lines express
inactive E2F1, E2F2, or E2F3 proteins that are activated upon
treatment with 4-hydroxytamoxifen (4-OHT) (52; data not
shown). We then analyzed miRNA expression profiles in E2F-
inducible cell lines 8 h after addition of 4-OHT by following
the established protocol (52). As shown in Fig. 2, many class II
or class III miRNAs are induced by individual or multiple E2F
factors. For instance, all components of the let-7a-7d cluster
are induced by E2F1 or E2F3 but not by E2F2. Similar results
are found for other class II and class III miRNAs that, in
general, are specifically induced by either E2F1 or E2F3. Some
individual miRNAs such as miR-299 or other miRNA clusters,

such as mir-143-145 or mir-199a-2-214, are not induced by any
of these E2F factors in this assay.

We further tested the specificity of the E2F-dependent in-
duction of class II or class III miRNAs by analyzing their
expression profiles in primary MEFs derived from E2F1-defi-
cient (23) or E2F2-deficient (53) mice. To obtain E2F3-defi-
cient cells, we infected wild-type MEFs with a lentiviral vector
expressing validated small hairpin RNAs against murine E2F3
(34). As shown in Fig. 2, many class II and class III miRNAs or
miRNA clusters, such as let-7a-7d, let-7i, mir-106b-25, and
mir-23a/b-24, are downregulated in E2F1- or E2F3-deficient
MEFs. Others, such as mir-143-145 or mir-199a-2-214, also
display significant downregulation in E2F-deficient cells, de-
spite the lack of acute induction in E2F-inducible cell lines.
These differences suggest that some clusters may accumulate
during several cell cycles but are not significantly induced
within the early exit from quiescence. Interestingly, several
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FIG. 3. E2F sites in miRNA or miRNA clusters with differential
expression in E2F-inducible or E2F-deficient cells. The structure of the
mouse DNA loci expressing the different miRNAs is shown. let-7a-d,
let-7i, mir-22, mir-221-222, and mir-23a-24-2 are intergenic transcrip-
tional units, whereas mir-106b-25, mir-15b-16-2, and mir-23b-24-1 are
expressed within the murine Mcm?7, Smc4, and 2010111101Rik tran-
scripts, respectively. The predicted E2F recognition sites are indicated
by small filled boxes, whereas the transcription start sites are indicated
by vertical lines. The DNA regions analyzed by ChIP analysis are
shown by small dotted horizontal lines.

miRNAs displayed increased levels in E2F2-null MEFs (Fig.
2). It has been recently demonstrated that most E2F target-
coding genes are upregulated in E2F2-null lymphocytes or
MEFs, thus suggesting that E2F2 may have repressor functions
(34, 53). All together, these results indicate that E2F1 and
E2F3 transcription factors induce specific miRNAs or miRNA
clusters during entry into the cell cycle.

E2F factors occupy the promoter regions of multiple microRNAs.
We analyzed putative E2F sites in miRNAs upregulated in
E2F-inducible cells and downregulated in E2F-deficient
cells using the ConSite algorithm (see Materials and Meth-
ods). Many of these miRNAs and miRNA clusters display
putative E2F-recognition sites (above the recommended
score) around their promoter areas (Fig. 3). As a test for the
ability of E2F proteins to directly regulate the expression of
miRNAs induced during G,, we asked whether E2F may bind
directly to the promoters of these transcripts in serum-starved
cells (0 h) or 18 h after serum stimulation in primary MEFs.
We selected eight miRNA transcripts (let-7a-7d, let-7i, mir-
106b-25, mir-15b-16-2, mir-22, mir-221-222, mir-23a-24-2, and
mir-23b-24-1) whose expression was found to be modulated by
E2F factors in the previous assays and who scored significantly
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for the predicted E2F recognition sites in their promoter se-
quences (Fig. 3). We also tested additional transcripts (mir-
15a-16-1, mir-199a-1, and mir-143-145) whose expression pat-
terns did not correlate properly with E2F activity. All three
E2F factors, E2F1, E2F2, and E2F3, are expressed in primary
MEFs, as detected by real-time RT-PCR (Fig. 4A) and immu-
nodetection with specific antibodies (Fig. 4B). We then per-
formed chromatin immunoprecipitation (ChIP) followed by
PCR with specific oligonucleotides to detect the predicted E2F
binding within the promoters, as indicated in Fig. 3. Cdkl
promoter sequences were used as a positive control since the
Cdk1 promoter is known to be directly regulated by E2F fac-
tors. The B-actin promoter was used as a negative control,
since this promoter lacks E2F binding sites. In addition, as a
control for specificity, we showed that an irrelevant antibody
(anti-simian virus 40 [SV40] large T antigen) was unable to
immunoprecipitate any of the various E2F target sequences in
these experiments (Fig. 4C).

ChIP analyses carried out with wild-type MEFs revealed
robust binding by E2F1 and E2F3 to several miRNA se-
quences, including those of the let-7a-7d, let-7i, mir-15b-16-2,
and mir-106b-25 promoter sites (Fig. 4C). This interaction is
significantly (P < 0.01) increased at 18 h, suggesting that these
microRNAs are induced by E2F at the G,/S transition. We
could not detect specific binding of E2F2 to any of the se-
quences tested, including that of Cdk1, suggesting that E2F2 is
not bound to the promoter of these genes in primary MEFs.
However, E2F2 was able to bind Cdkl in parallel assays in
lymphocytes as a control for the quality of the E2F2 antibody
in these assays (34; data not shown). This analysis suggests a
direct role for E2F1 and E2F3, but not E2F2, in the transcrip-
tional induction of several miRNAs and miRNA clusters dur-
ing G, progression in primary fibroblasts.

Modulation of G,/S progression by E2F-induced miRNAs.
The induction of several miRNAs during G, and their re-
sponsiveness to E2F transcription factors suggest that these
miRNAs may induce G,/S progression or may contribute to
the E2F-dependent transition to the S phase of the cell cycle.
To test this possibility, we transfected MEFs with expression
vectors carrying individual miRNAs or miRNA clusters in-
duced by E2F1/3. Transfected cells were maintained in differ-
ent concentrations of serum (0.1 to 5% FBS) to test whether
miRNAs could favor entry into S phase under these subopti-
mal conditions. Surprisingly, most miRNAs tested did not fa-
vor cell cycle entry, but rather, they had negative consequences
in S-phase entry (data not shown). To further analyze the effect
of these miRNAs in cell cycle entry, MEFs were transfected
with E2F-induced miRNAs, arrested in G, during 48 h, and
restimulated with serum, as indicated in Fig. SA. Cells were
treated with a 4-h pulse of EdU and harvested 18 h after serum
addition. To evaluate entry into S phase in individual cells, we
then analyzed the distribution of EAU by high-throughput mi-
croscopy. As shown in Fig. 5B, the intensity of EAU was sig-
nificantly lower in cells transfected with each of these miRNAs
or with a pool containing the nine miRNAs induced by E2F
(let-7i, let-7a, let-7f, let-7d, miR-106b, miR-93, miR-25, miR-
15b, and miR-16-2). Similar results were obtained by analysis
of BrdU (Fig. 5C) or thymidine (see Fig. S3 in the supplemen-
tal material) incorporation in similar assays. Expression of
three other miRNAs or miRNA clusters that scored negative
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FIG. 4. Chromatin immunoprecipitation of E2F transcription fac-
tors. (A) The relative expression of E2F factors is analyzed in primary
MEFs by real-time PCR in asynchronously growing cells (As) or 18 h
after serum stimulation of starved cells (G,—18 h). The mRNA levels
were normalized versus the levels of GAPDH, and the mRNA level of
E2F1 in As was considered to be 1. (B) Immunodetection of E2F1,
E2F2, and E2F3 in As, serum-starved MEFs (G,) or G,/S primary
MEFs (18 h after cell cycle entry). NIH 3T3 cells transfected with
E2F1-expressing vectors or the parental cells were also used as a
control. Thymus (Th) and spleens (Sp) from normal mice were also
used as controls. a-Tubulin (a-tub.) was used as a loading control.
(C) E2F1, E2F2, and E2F3 were immunoprecipitated from MEF pro-
tein lysates, and the predicted E2F binding sites of several miRNA
clusters (dotted lines in Fig. 3) were amplified at ¢ equals 0 h (serum
starved) or 18 h after stimulation with serum. The promoter of Cdkl
was used as a positive control, whereas the B-actin promoter was used
as a negative control. An unrelated antibody against the SV40 large T
antigen (SV40LT) was used as a control for the IgG background at the
specific miRNA promoters. Asterisks indicate significant differences
(P < 0.01).
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in the ChIP analysis (mir-22, mir-145-143, and mir-221-222) did
not result in significant differences in S-phase entry (see Fig. S3
in the supplemental material).

We next evaluated whether the absence of endogenous
miRNAs may have a consequence in cell cycle entry in the
presence of serum. Following use of the same experimental
approach as that described in Fig. SA, MEFs were transfected
with anti-miR oligonucleotides that interfere with the expres-
sion of endogenous small RNAs (see Fig. S3 in the supple-
mental material). These cells were serum starved and restim-
ulated with fresh serum, and the entry into S phase was
monitored by EdU intake. As depicted in Fig. SD and E, the
elimination of the nine miRNAs encoded by the let-7i, let-7a-d,
mir-106b-25, and mir-15b-16-2 clusters significantly promotes
S-phase entry. The elimination of individual miRNAs has a
partial or nonsignificant effect, suggesting that these miRNAs
may cooperate in preventing S-phase entry. All together, these
data suggest that E2F-induced miRNAs do not contribute to
G,/S progression. Rather, their expression seems to have neg-
ative consequences in S-phase entry.

E2F-induced miRNAs prevent replicative stress. To further
understand the relevance of miRNAs in E2F-dependent cell
cycle entry, we transfected cells with E2F1 and tested the
consequences of eliminating the endogenous E2F-induced
miRNAs. E2F1 is known to promote S-phase entry, and its
overexpression may lead to replicative stress (6). In fact, over-
expression of E2F1 leads to increased incorporation of EdU at
16 h or 20 h after entry into the cell cycle. Interestingly, the
effect of E2F1 is significantly more dramatic on cells devoid of
E2F-induced miRNAs (Fig. 6A and B). Furthermore, the un-
scheduled proliferation induced by E2F1 is accompanied by
phosphorylation of H2AX (yH2AX), a widely used reporter of
DNA damage and replicative stress. Importantly, the absence
of E2F-induced miRNAs results in a significant increase in
DNA damage, suggesting a protective role for E2F-induced
miRNAs against excessive mitogenic signaling. The individual
miRNA clusters seem to have a limited effect on preventing
S-phase entry and DNA damage 18 h after transfection with
E2F1 (Fig. 6C). However, all these E2F-induced miRNA clus-
ters cooperate in protecting cells from the excessive mitogenic
signaling caused by E2F1. The induction of DNA damage by
E2F1 is not evident several days after transfection with E2F1-
expressing vectors or after the treatment with tamoxifen in
cells expressing the E2F1-ER constructs. However, the ab-
sence of E2F-induced miRNAs significantly increases the
YH2AX signal 2 or 4 days after upregulation of E2F1 in both
systems (Fig. 6D and E). Despite the significant effect on DNA
damage signaling, the elimination of E2F-induced miRNAs
does not result in a significant increase in apoptosis (see Fig. S4
in the supplemental material), suggesting possible independent
roles of some of these miRNAs in apoptotic pathways. As an
example, the specific elimination of miR-15 and miR-16 results
in a significant increase in S-phase entry but, however, prevents
the accumulation of yH2AX signals (Fig. 6C), suggesting ad-
ditional targets apart from those involved in the G,/S transi-
tion. Thus, the elimination of E2F-induced miRNAs results in
increased S-phase entry and DNA damage induced by E2F,
although these defects do not provoke significant apoptosis,
probably as a consequence of multiple signaling pathways
modulated by these miRNAs.
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FIG. 5. E2F-induced miRNAs inhibit entry into S phase. (A) Schematic representation of the protocol followed to test the effect of microRNAs
during cell cycle entry. Different miRNA clusters or anti-miRNA oligonucleotides were transfected in MEFs, and cells were arrested for 48 h
without serum. Cells were harvested 18 h after serum stimulation and a 4-h pulse of EAU or BrdU. (B) Distribution of EdU intensity (relative units)
per nucleus by high-throughput microscopy after transfection with individual miRNA clusters (yellow background) or a pool of the clusters (let-7i,
let-7a-d, mir-15b-16-2, and mir-106b-25; blue background) that scored positive for direct interaction with E2F by ChIP analysis (Fig. 4). All
individual clusters and the pool displayed significant inhibition of DNA replication in this assay. EV, empty vector. (C) Representative profiles of
BrdU incorporation, as detected by cell cytometry, showing a significant reduction in progression into S phase after expression of the pool of
miRNA clusters. (D) Distribution of EdU intensity per nucleus by high-throughput microscopy after transfection with anti-miRNA oligonucle-
otides against individual miRNA clusters (yellow background) or a pool of clusters (blue background). Scramble sequences (Scr) were used as a
control. (E) Immunodetection of EdU (green) in MEFs transfected with scramble sequences or the pool of oligonucleotides against E2F-induced
miRNAs (anti-miR pool). DNA is shown in blue after staining with DAPI (4’,6-diamidino-2-phenylindole). In panels B and D, red bars indicate
median values. The statistical analysis was performed using Student’s ¢ test. **%, P < 0.001; **, P < 0.01; n.s., not significant (P > 0.05).

E2F-induced miRNAs significantly modulate cell cycle reg-
ulators and E2F-induced proteins. The fact that these E2F-
induced miRNAs inhibit cell cycle progression suggests that
they may participate to limit the induction of E2F targets. We
therefore performed a bioinformatics analysis of the predicted
targets of E2F-induced miRNAs. The combined predicted tar-
gets of let-7a, let-7f, let-7d, let-7i, miR-15b, miR-16-2, miR-
106b, miR-93, and miR-25 were scored using miRBase or the
EIMMo miRNA target prediction server and then analyzed for
enrichment using specific gene ontology terms. We used very
low P values (P < 0.001) to avoid inconsistent results due to
the use of different databases or algorithms, as recently sug-
gested (59). As shown in Fig. 7A, this analysis indicates that

E2F-induced miRNAs preferentially modulate targets in-
volved in cellular processes such as cellular metabolism and the
cell cycle (P < 0.0001). These targets include cyclin-dependent
kinases (CDKs) or CDK-activating proteins, such as D-type
and E-type G, cyclins, CDC25 phosphatases, or even E2F
factors like E2F1 (for a list of the specific targets included in
these categories, see Table S1 in the supplemental material).

In addition to the enrichment in cell cycle regulators, we also
detected that the predicted targets for E2F-induced miRNAs
display a highly significant (P < 0.001) enrichment for E2F-
induced coding genes (Fig. 7B; see also Table S2 in the sup-
plemental material). A similar level of enrichment was found
for genes induced by additional transcription factors that may
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FIG. 6. E2F-induced miRNAs limit cell cycle progression and DNA damage induced by E2F. (A) Distribution of EdU or phosphorylated
H2AX (yH2AX) intensity per nucleus in MEFs transfected with empty vector, a construct expressing E2F1, scramble oligonucleotides, or a pool
of anti-miR oligonucleotides against the E2F-induced miRNAs (pool; blue background). Cells were transfected by following the protocol indicated
in the legend to Fig. 5A and analyzed 16 or 20 h after serum stimulation. (B) Representative images of EAU (green) and yH2AX (red) in MEFs
transfected with empty vector (EV), E2F1, scramble sequences, or the pool of oligonucleotides against E2F-induced miRNAs (anti-miR pool).
DNA is shown in blue after staining with DAPI. (C) Distribution of EdU or phosphorylated H2AX (yH2AX) intensity per nucleus in MEFs
transfected with E2F1 and anti-miR oligonucleotides against the individual miRNAs expressed in the let-7i, let-7a-d, mir-106b-25, or mir-15b-16-2
clusters (yellow background) or a pool of all these anti-miR oligonucleotides (pool; blue background). Cells were transfected by following the
protocol indicated in the legend to Fig. SA and analyzed 18 h after stimulation with serum. In panels A and C, red bars indicate median values.
The statistical analysis was performed using Student’s ¢ test. ***, P < 0.001; **, P < 0.01; n.s., not significant (P > 0.05). Please note that anti-miRs
against the mir-15b-16-2 cluster result in a significant and specific decrease in the YH2AX signal, suggesting specific targets involved in this pathway
(red asterisks). (D) Immunodetection of yYH2AX in protein lysates from MEFs 2 and 4 days after transfection with E2F1 and/or the anti-miR
oligonucleotide pool. (E) Immunodetection of the indicated proteins in protein lysates from E2F1-ER cells 2 days after induction of E2F1 with
4-OHT. a-Tubulin was used as a loading control. The “—” symbols indicate empty vector or scramble sequences. a-tub, a-tubulin.
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FIG. 7. E2F-induced miRNAs target critical cell cycle regulators. (A) E2F-induced miRNA targets are enriched in cell cycle regulatory
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assays were normalized versus the levels of a-tubulin after expression of the indicated constructs.
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be involved in cell cycle progression, such as the Myc-associ-
ated zinc-finger transcription factor MAZ or genes containing
KROX sequences which are recognized by early growth re-
sponse C,H,-type zinc-finger proteins (EGR-1 to -4), which
modulate genes involved in mitogenesis as well as differentia-
tion (Fig. 7B).

To test the protein levels of some predicted or reported
targets involved in cell cycle progression, cells were transfected
with miRNAs and arrested in G, and proteins were detected
18 h after serum stimulation. Some critical cell cycle regulators,
such as D-type (D1 and D2) and E-type cyclins or the CDK-
activating kinase CDK?7, are indeed downregulated in MEFs
overexpressing specific E2F-induced miRNAs or miRNA clus-
ters in correlation with the presence of specific recognition
sequences in their corresponding 3'-UTRs (Fig. 7C). Thus,
cyclin D1 is downregulated by the pool of miRNAs, as well as
specific overexpression of miR-15/16, as reported previously
(47). Similar correlations are observed for cyclin D1, cyclin E1,
and Cdk7. To discard possible general effects on cell cycle
arrest, we also tested MCMS5 and cyclin B1, two molecules
whose protein levels correlate with cell proliferation. MCMS is
not targeted by any of these E2F-induced miRNAs, but it is a
predicted target of miR-145. As represented in Fig. 7D, only
the mir-143-145 cluster downregulates MCMS in these assays.
Similarly, cyclin B1, which is not a predicted target of any of
the miRNAs studied in this work, does not change in these
assays. Quantification of these results indicates that the pool of
E2F-induced miRNAs is able to downregulate cyclins D1, D2,
and E1 and Cdk7, but not MCMS or cyclin B1. In addition, the
effect of each the different miRNA clusters is target specific,
and downregulation of specific proteins does not seem to sim-
ply represent overall proliferation defects. All together, these
data suggest that miRNAs induced by E2F during the G,/S
transition may help to limit the protein levels of critical cell
cycle regulators, thus preventing excessive replication and
DNA damage.

DISCUSSION

Transcription of miRNAs is regulated similarly to that of
protein-coding genes, and these small noncoding RNAs are
usually expressed by RNA polymerase II (33, 40). Although
the induction of coding genes during cell cycle entry has been
deeply studied, the response of miRNAs to serum stimulation
is largely unknown. Our analysis in primary cells suggests that
about 37% (59/159) of expressed miRNAs are induced upon
stimulation with serum. About half of these induced miRNAs
display a rapid expression after mitogenic signaling, suggesting
a direct regulation during the early phases of the cells cycle
similar to that observed for protein-coding genes (38).

Most mitogenic pathways that control cell cycle entry
regulate the induction of D-type cyclins and the subsequent
activation of CDKs, the catalytic activity required for G,/S
progression (48). Active cyclin D-CDK4/6 complexes phos-
phorylate and inactivate the retinoblastoma protein (pRB).
pRB is a general repressor of transcription by recruiting
chromatin remodeling complexes to promoters and repress-
ing their transcription. In fact, pRB directly binds E2F tran-
scription factors, bringing the repressor machinery to gene
promoters that contain E2F recognition sites. By inactivat-
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ing pRB, cyclin-CDK complexes activate E2F and promote
the expression of many genes required for DNA replication
and mitosis (68). E2F family members have been divided
into positive regulators of the cell cycle (activators; E2F1-3)
and negative regulators of the cell cycle (repressors;
E2F4-8) based on their transcriptional roles in vitro and
conserved structural features (67, 68). The increased expres-
sion of E2F targets observed in E2F2-null cells has chal-
lenged this simplistic view by proposing that E2F2 may also
have major repressor functions in several cell types, such as
lymphocytes and fibroblasts (34, 53). Indeed, recent data
suggest that not only E2F2 but also E2F1 and E2F3 may
switch from activators to repressors depending on the dif-
ferentiation stage of the cells and that these factors are not
universally required for normal mammalian cell division (15,
17). It would be interesting to analyze to what extent E2F-
induced miRNAs participate in this repressor function in
differentiated cells.

Using E2F-inducible and E2F-deficient cells, we have iden-
tified in our analysis a set of miRNAs or miRNA clusters
whose expression is positively modulated at least by E2F1 and
E2F3. In addition, ChIP assays have identified direct binding
of these transcription factors to the regulatory sequences of
four genes, expressing the let-7a-7d, let-7i, mir-15b-16-2, or
mir-106b-25 transcripts, during the G,/S transition. One of
these E2F-induced miRNA clusters is expressed from the
Mcm7 gene, a known target of E2F transcription factors (Fig.
3) (4). Indeed, approximately 50% of miRNAs are located in
the introns of coding genes, and these intronic miRNAs are
generally transcribed coincidentally with their host genes (62).
All together, these data suggest that E2F1 and E2F3 induce at
least let-7a-7d, let-7i, mir-15b-16-2, or mir-106b-25 during the
early phases of the cell cycle.

Although we initially explored the possibility that these E2F-
induced miRNAs could contribute to E2F-induced G,/S pro-
gression, our data (in agreement with published evidences)
suggest that these miRNAs have rather negative consequences
on S-phase entry and downregulate critical cell cycle regula-
tors, such as cyclins or CDKs. Indeed, the predicted targets of
these E2F-induced miRNAs are significantly enriched in E2F-
target coding genes, suggesting that these miRNAs limit the
cellular effects triggered by E2F. Thus, let-7 family members
targeting multiple cell cycle regulators, including CDK4,
CDK6, CDC25A, cyclin D1, cyclin D2, cyclin D3, and cyclin A
(39, 43, 63, 72), are also able to directly downregulate E2F1
and E2F2 (7). Similarly, miR-15/16 miRNAs are known to
regulate cell cycle progression by repressing critical cell cycle
regulators, such as D- and E-type cyclins or CDKs, like CDK6
or CDK?7 (20, 41, 42, 46, 47; our data). On the other hand, it
has been reported that the miR-106b family regulates p21<iP!
and promotes cell cycle progression in specific cell lines (36).
However, downregulation or p21<""'" does not promote cell
cycle progression in primary MEFs (56), and indeed, it may be
important to support cyclin D-CDK4 activity in these primary
cells (64).

These data indicate that the effect of let-7a-7d, let-7i, mir-
15b-16-2, or mir-106b-25 limits cell cycle entry by E2F. It is
tempting to speculate that these miRNAs may control the
proper entry into S phase by limiting the excess of positive
regulators of the cell cycle to avoid replicative stress in re-
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sponse to these transcription factors or to excessive mitogenic
signaling. Indeed, it has been reported that overexpression of
E2F is one of the major inductors of replicative stress and that
the subsequent DNA damage response may lead to senescence
in primary cells or early tumors (31). As a prediction, E2F-
induced miRNAs may be linked to cellular senescence, as
recently suggested for miR-15/16 and miR-106b/25 (45).
Since we have used restrictive criteria in the different steps
of this identification, it is possible that additional miRNAs that
are induced by serum may be direct or indirect targets of E2F.
For instance, E2F factors, mostly E2F3, are known to directly
induce the oncogenic mir-17-92 cluster (71). However, several
mir-17-92 miRNAs, including miR-17, miR-18a, and miR-20a,
map to class I in our analysis (Fig. 1), suggesting that induction
of this cluster by E2F is not an early event in the exit from
quiescence but rather an accumulative process in proliferating
cells. Since two miRNAs expressed by this oncogenic cluster,
miR-17-5p and miR-20a, also target E2F factors (55) or spe-
cific cyclins (73), these miRNAs may also act by modulating a
feedback loop to control E2F activity upon continuous culture.
Although we have not detected direct binding by ChIP assays
during G,/G1, our results suggest that oncogenic miR-221 and
miR-222 may also be induced by E2F factors in an accumula-
tive manner, since they are dramatically reduced in E2F-null
cells (Fig. 2). Continuous E2F-dependent induction of mir-
221-222 and mir-17-92 may result in the elimination of the cell
cycle inhibitors p21<P!, p27%iP! and p57%iP? (25-27, 35, 44,
69), thus promoting maintained cell proliferation in these cells.
Entry into the cell cycle is one of the most critical phases of
the cell cycle that is deregulated during tumor development
(49). E2F-induced miRNAs may therefore have relevant roles
in human cancer. Indeed, let-7 and miR-16 family members
have multiple roles as tumor suppressors by targeting cell cycle
regulators or critical oncogenes such as Ras or Myc (37, 41,
60). let-7i, in particular, is significantly reduced in ovarian
cancer and has significant value as an independent prognostic
factor (72). On the other hand, E2F factors induce relevant
oncogene miRNAs, such as the mir-17-92 cluster (71) and
perhaps mir-221-222. In this case, these miRNAs are not in-
duced in exiting quiescence but rather accumulate with pas-
sages and may have critical roles by inhibiting cell cycle inhib-
itors of the CIP/KIP family. Thus, E2F factors induce different
miRNAs with the capacity of either inhibiting (early-induced
miRNA) or promoting (late-induced miRNA) cell cycle pro-
gression. These data are in agreement with the emerging pic-
ture of miRNA function in mammals, proposing that these
noncoding genes not only participate in executive decisions but
also perform much of the grunt work to micromanage protein
output (5), in this case, by regulating the cell division cycle.
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