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ABSTRACT

Proper regulation of gene expression during cell cycle entry ensures the successful completion of proliferation, avoiding risks such
as carcinogenesis. The microRNA (miRNA) network is an emerging molecular system regulating multlple genetic pathways. We
demonstrate here that the global elevation of miRNAs is critical for proper control of gene expression program during cell
cycle entry. Strikingly, Exportin 5 (XPO5) is promptly induced during cell cycle entry by a PI3K-dependent post-transcriptional
mechanism. Inhibition of XPO5 induction interfered with global miRNA elevation and resulted in a proliferation defect
associated with delayed G1/S transition. During cell cycle entry, XPO5 therefore plays a paramount role as a critical molecular
hub controlling the gene expression program through global regulation of miRNAs. Our data suggest that XPO5-mediated global

miRNA elevation might be involved in a broad range of cellular events associated with cell cycle control.
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INTRODUCTION

The cell cycle consists of a series of distinct stages that allows
cells to proliferate. The entry of cells into the cell cycle process
triggers drastic and dynamic changes in gene expression pro-
grams. A variety of regulation checkpoints monitor pro-
gression through the cell cycle (Elledge 1996). At the G1/S
checkpoint, a critical decision is taken whether to proceed
with cycling or, alternatively, to enter into the quiescent
phase. This step is of utmost importance since deregulation
of the control mechanisms at the G1/S transition may lead
to the accumulation of detrimental changes such as gene mu-
tations and genetic instability, which are known to promote
carcinogenesis (Kaelin 1997).

MicroRNAs (miRNAs) are a growing class of functional
noncoding RNAs that play a critical role in the regulation of
gene expression, mainly by repressing target genes at the
post-transcriptional level (Bartel 2004). In a cell, dozens of
coexpressed miRNAs constitute a molecular system called
microRiboNucleome (miRNome) (Zhang 2008). Since each
single miRNA may regulate numerous target mRNAs, the
miRNome actually modulates a broad spectrum of the genes.
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The biogenesis of functional mature miRNAs is based on
the stepwise processing machinery (Fukao et al. 2007; Siomi
and Siomi 2010). During the process, Exportin 5 (XPO5)-
mediated nuclear export of pre-miRNAs has been shown as
a rate-limiting step of the miRNA biogenesis (Yi et al. 2005)
and, therefore, might be critical for the quantitative control
of global miRNA levels.

Critical roles of miRNAs in the cell cycle have been high-
lighted by their potential involvement in cancer biology. The
expression profiles of miRNAs in several tumors have been
shown to significantly differ from those of the tissues from
which they are derived and also among different tumor types
(Lu et al. 2005). This indicates that the miRNome pattern is
sensitive to tumorigenesis. Interestingly, recent studies have
provided data showing the importance of global miRNA reg-
ulation in carcinogenesis. Profiling of the miRNA expression
pattern demonstrated a defect in miRNA production and
global down-regulation of miRNAs in human tumors (Lu
etal. 2005). More recently, several reports have described de-
fects in critical genes for general miRNA processing—such as
Tarbp2, Dicerl, Drosha, and Xpo5—in tumor cells or as caus-
ative to enhanced carcinogenesis (Merritt et al. 2008; Kumar
et al. 2009; Melo et al. 2009, 2010). This is consistent with the
global reduction of miRNAs in tumor cells.

Despite growing knowledge in cancer genetics of miRNA
and its processing machinery, the relevance of these genetic
defects to the mechanisms of carcinogenesis is still elusive.
For this issue, it is essential to elucidate how and when global
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miRNA control is critically involved in the regular cell cycle
events of healthy primary cells. In this report, we explored
the regulation of global miRNA expression and its effects
on the gene expression program during cell cycle entry in
healthy primary cells.

RESULTS

To explore the dynamics of the miRNome during the cell cy-
cle entry, we compared the miRNA expression profiles be-
tween resting and antigen-activated lymphocytes (Fig. 1A;
for details, see Supplementary Materials and Methods)
(Bird et al. 1998). The most remarkable result from the pro-
filing is the overall elevation of numerous miRNA species
(for >80% [42 out of 48] of the detected miRNAs) in the ac-
tivated T-cell population compared with resting T cells, al-
though a few miRNAs were down-regulated (Fig. 1B,C;
Supplemental Fig. S1A,B; Supplemental Table S2).

In order to confirm the global miRNA elevation during
cell cycle entry, we also employed primary mouse embryonic
fibroblast (MEF) cultures as another experimental system
(Lundberg and Weinberg 1999). We reproduced the cell cy-
cle arrest and entry conditions by serum starvation and re-
feeding, respectively. Again, an overall increase of global
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miRNAs was observed during cell cycle entry (Fig. 1D;
Supplemental Table S2).

Given the global elevation of miRNAs, we presumed that
the general pathway of miRNA biogenesis might be also reg-
ulated during cell cycle entry. Indeed, we observed a signifi-
cant increase in XPO5 protein during T-cell activation in
vitro (Fig. 2A). Similarly for MEF cells, the level of XPO5 pro-
tein decreased under conditions of cell cycle arrest and was el-
evated during cell cycle entry (Fig. 2B). Up-regulation of the
XPOS5 protein is remarkable in comparison to the other major
molecules—such as Ago2, Dicer1, Drosha, and DGCR8—for
the general pathway of miRNA biogenesis (Supplemental Fig.
S2A). Strikingly, the level of XPOS5 protein is also much higher
in actively proliferating cells, such as cells in the intestinal
crypts, in comparison to quiescent cells in the upper villi
(Fig. 2C), suggesting that the XPO5 protein is induced in
the proliferating cells in vivo.

Although the XPO5 protein level significantly changes, the
mRNA level of Xpo5 remains unchanged during cell cycle en-
try as the quantitative RT-PCR assay for Xpo5 mRNA showed
no significant difference between the starved and refed con-
ditions (Fig. 2D). Furthermore, a Northern blot also shows
no significant change in the expression pattern of the full-
length Xpo5 transcript and/or splicing variants (Fig. 2D;
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FIGURE 1. Global miRNA elevation during cell cycle entry. (A) FACS pattern of the resting and activated helper T cells purified using CFSE and CD4
as detailed in the Supplementary Materials and Methods. (B) Heat map of miRNAs with a greater than threefold change in activated T cells (OVA)
compared with resting T cells (PBS) is shown. The data are from the real-time PCR array. (C) The fractions of up-regulated (shaded) and down-reg-
ulated (open) genes were shown for each range of fold change. miRNAs were binned according to the fold change. (D) The fractions of miRNAs with
different fold change for serum-starved and refed MEF cells. Figure shown as described in C.
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FIGURE 2. XPOS5 is rapidly induced during cell cycle entry and is dependent on a PI3K-mediated post-transcriptional mechanism. (A) Western blot
for XPO5 at the indicated time points after in vitro activation of T-cell samples as detailed in the Supplementary Materials and Methods. Reblotting
for B-actin is a loading control. (B) Western blot for XPO5 at indicated time points after serum starvation or refeeding of MEF cells. (C)
Immunohistochemical analysis in the sections of small intestine stained with antibodies against XPO5 and proliferation marker Mki67. Note the co-
staining of XPO5 and Mki67 in the same cell population, indicating that XPO5 protein is preferentially expressed in the proliferating cells. (D) RNA
level of Xpo5 in serum-fed and -starved NIH3T?3 cells was determined by real-time PCR and Northern blotting. 3-Actin and rRNA were measured as
the internal controls. (E) Western blot for XPO5 in MEF cells treated with dimethyl sulfoxide (DMSO), LY-294002, and Rapamycin during cell cycle
entry. The inhibitors were added in the culture 2 h before serum refeeding. RNA levels of Xpo5 were determined by real-time PCR using the same
samples. 3-Actin served as the loading control. (F) XPO5 induction following PI3K activation. Doxycycline (DOX)- or DMSO-treated PI3K consti-
tutively active (CA) and negative control Tet-off NIH3T3 lines were subjected to Western blotting for XPOS5, B-actin, phosphorylated AKT, and AKT.

RNA levels of Xpo5 were determined by real-time PCR using DOX- or DMSO-treated PI3K CA and negative control Tet-off NTH3T3 lines.

Supplemental Fig. S2B,C). Consistent with its rapid protein
induction, this suggests that XPO5 expression is controlled
at the post-transcriptional level.

To link the regulation of cell cycle entry and the XPO5
elevation, we then focused on phosphoinositide 3-kinase
(PI3K) signaling (Bader et al. 2005). An inhibitor of PI3K,
LY-294002 (Vlahos et al. 1994), strongly suppressed the up-
regulation of XPO5 protein, whereas the mRNA level was un-
changed (Fig. 2E). Rapamycin did not show any significant
effect (Fig. 2E), indicating that XPO5 protein production is
not mediated by the canonical PI3K-mTOR translational
machinery. We also established a stable NIH3T3/MEF cell
line with inducible PI3K-CA, a constitutively active form of
PI3K (Zhao et al. 2005), by the Tet-Off system. This cell
line, which expresses PI3K-CA upon doxycycline (DOX) dep-
rivation, enabled us to observe significantly higher expression
of XPOS5 protein under PI3K active condition (Fig. 2F), fur-
ther supporting PI3K-dependent XPO5 production. Again,
the Xpo5 mRNA level unchanged under PI3K active condition
in this model (Fig. 2F), supporting the notion that the amount
of XPOS5 is regulated at the post-transcriptional level.
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Given the role of XPO5 in miRNA biogenesis (Yi et al.
2005), we hypothesized that the regulation of XPO5 might
be critical for the control of global miRNA levels dur-
ing cell cycle entry. To test this, we introduced RNAI for
Xpo5 mRNA into MEFs (Fig. 3A). The array-based profiling
of miRNome patterns demonstrated suppression of global
miRNA elevation in the XPO5 knockdown (KD) sample, es-
pecially for those miRNAs with larger changes (Fig. 3B). The
effect of the specific RNAi against Xpo5 on mature miRNA
levels was most probably due to changes at the post-transcrip-
tional rather than the transcriptional level. Thus, increase in
the ratio of mature to primary transcripts of up-regulated
miRNAs, such as miR-20a, was significantly suppressed
by the XPO5 KD (Supplemental Fig. S3B). The clustering
analysis showed significant similarities in the expression pat-
terns between the starved versus XPO5-siRNA transfected
samples and between the refed versus negative control (NC)
siRNA-treated samples (Fig. 3C; Supplemental Table S2).
Taken together, these results indicate that induction of
XPOS5 is essential for the global miRNA elevation during
cell cycle entry.
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FIGURE 3. Systems-wide effects of global miRNA elevation. (A) The RNA level of miR-20a in MEF cells (# = 3 mean + SD) following transfection of
Xpo5 or a negative control siRNA into serum-starved or refed cells. Western blotting shows the efficiency of the siRNA transfection; 3-actin serves as a
loading control. (B) The fractions of miRNAs with different fold changes were shown for XPO5 knockdown (KD) MEEF cell samples as described in
Figure 1A. (C) Clustering analysis of miRNA expression with fold change >20% in XPO5 KD, with serum refed and their control samples as detailed in
the Supplementary Materials and Methods. (D) The fractions of GO terms with different P-value thresholds were shown for genes up-regulated (red)
or down-regulated (blue) over 1.5-fold, according to microarray data. (E) Average number of up-regulated miRNA target transcripts predicted by
TargetScan or PITA software is shown for each fraction of miRNAs for each different fold change cutoff following the XPO5 KD. The data are
from the cDNA microarray. (F) Average number of up-regulated miRNA target proteins from proteomics analysis.

We then performed a ¢cDNA microarray analysis with
XPO5 KD and NC MEF cells to examine the possible tran-
scriptome-wide effects of XPO5-mediated global miRNA el-
evation during cell cycle entry. The overall transcriptome
pattern was reproducibly affected by XPO5 KD in MEF cells
during cell cycle entry, about 2500 genes showing a significant
change (greater than 1.5-fold) in expression levels. There was
no significant difference between numbers of up- or down-
regulated transcripts (Supplemental Fig. S3C). Nonetheless,

by the Gene Ontology (GO) analysis (Ashburner et al. 2000),
the number of extracted GO terms was over three times larg-
er for up-regulated genes than for down-regulated genes
(Fig. 3D). This indicates that up-regulated genes consist of
the various genes with a broad range of cellular functions,
whereasthe functional characteristics of down-regulated genes
have a narrower diversity and are enriched with GO terms,
many of which are obviously key functions during cell cycle
entry.
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Since miRNAs repress target transcripts, we counted the
number of potential miRNA target genes, predicted by the
TargetScan (Lewis et al. 2005) or PITA (Kertesz et al. 2007)
programs, that were up-regulated in the MEF cells following
XPO5 KD (Fig. 3E; Supplemental Fig. S3D). The number of
up-regulated genes/miRNA positively correlates with the de-
gree of suppression for the corresponding miRNAs by XPO5
KD. Moreover, these effects of global miRNA elevation could
be also confirmed by high-throughput mass spectrometry
(MS)-based proteomics, although the coverage of genes is
much less than that of the cDNA microarray (Supplemental
Fig. S3E,F; Supplemental Table S3). Altogether, these results
suggest a significant and dosage-dependent control by XPO5
and global miRNAs on the system-wide gene expression pro-
gram during cell cycle entry.

The computational characterization of the predicted tar-
gets and highly elevated miRNAs in MEF cells during cell
cycle entry (Supplemental Fig. S4A; for detailed process, see
Materials and Methods) indicated a significant overlap of
the functional annotations assigned to the targets and the
selected miRNAs, with highly significant probability (P <
0.005) (Fig. 4A). These common annotations shared by “pre-
dicted” and “validated” target functions may represent major
roles of XPO5-mediated elevation of miRNA subsets.
Strikingly, such common annotations include “cell cycle”
and “regulation of cell cycle,” suggesting that those highly el-
evated miRNAs may be particularly involved in the mecha-
nisms controlling cell cycle through regulation of the target
genes.

To examine such potential mechanisms in the ¢cDNA
microarray data, we selected the predicted target genes of
miR-17, 20a, 93, 106a, and 19a, which were highly down-reg-
ulated upon XPO5 KD (Fig. 4B). Several cell cycle- and/or pro-
liferation-related genes such as Pten, Cyld, Dcunld3, and Mcf2l
(Yamauchi et al. 2002; Massoumi et al. 2006; Ma et al. 2008;
Salmena et al. 2008) were found and confirmed using quanti-
tative real-time PCR (Supplemental Fig. S4B). Among these
validated genes, we are particularly interested in the tumor
suppressors, Pten and Cyld (Massoumi et al. 2006; Salmena
etal. 2008), which are likely to be suppressed during cell cycle
progression. The regulation of Pten and Cyld by XPO5 is prob-
ably mediated through miRNAs targeting in their 3* UTRs
because XPO5 overexpression resulted in a significant
down-regulation of luciferase reporters carrying the 3" UTRs
of each gene (Fig. 4C). To further extend this, we analyzed sev-
eral miRNAs, such as miR-17, 20a, and 19a, predicted to reg-
ulate Pten (Supplemental Fig. S4C,D). The inhibition of miR-
19a, but not other candidates, resulted in the significant up-
regulation of the Pten 3'-UTR Luc reporter (Supplemental
Fig. $4D), indicating that miR-19a is capable of repressing
Pten gene. The quantitative real-time PCR and Western blot-
ting confirmed this result. Of note, the effect of the miR-19a
inhibitor on Pten regulation is significantly less than that of
XPO5 KD (Fig. 4D). Many other highly inducible miRNAs
were predicted to target Pten (Supplemental Fig. S4C), sup-
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porting the notion that Pten is one of the critical factors
being regulated by multiple miRNAs during cell cycle entry
(Supplemental Fig. S4E).

On the other hand, when down-regulated genes with the
annotations were mapped to the cell cycle pathway based on
the KEGG pathway map (Kanehisa and Goto 2000), most of
the genes localized to the G1-to-S transition phase (Fig. 4E;
Supplemental Fig. S4F). Such genes include E2F family mem-
bers (e.g., E2f2, E2f3, E2f4, Tfdpl), CDC genes (e.g., Cdc6,
Cdc7), cyclin genes (e.g., Ccnel, Ccne2), and variety of other
cell cycle regulator genes (e.g., Myc, Rbl1, Skp2). Although
the regulation of each gene function (and/or expression)
might not be defined by the transcript levels, this significant
enrichment of G1/S-related genes in the down-regulated
group suggests a possible effect of XPO5 on the GI phase.
Indeed, XPO5 KD resulted in a significant increase in the
cell proportion (up to 10%) at GO/G1 phase as judged by
the cell cycle analysis (Fig. 4F). Proliferation is significantly
and reproducibly suppressed by the XPO5 KD (Fig. 4G), sug-
gesting that defective XPO5 expression during the cell cycle
entry disturbs the progression of proliferation by causing a
cycling delay at the G1/S transition.

DISCUSSION

Physiological significance of the global miRNA elevation
during cell cycle entry

We demonstrated a global elevation of miRNA levels during
cell cycle entry. The inhibition of this process by XPO5 KD
resulted in up-regulation of numerous miRNA target genes
with a broad spectrum of functions, suggesting a general
control of the complex gene expression program by miRNAs
during cell cycle entry. This implies that a significant number
of genes might actually be overtranscribed during the cell
cycle, even under physiological conditions. The miRNA net-
work acts on such excessively transcribed genes to stabilize
them to the proper expression levels. In this regard, the quan-
titative regulation of miRNAs in a global, rather than a spe-
cific, manner could be a more efficient way to deal with the
system-wide dynamics of gene expression.

Through the identification of potential targets, we could
show that Pten is one of the tumor suppressors repressed by
miRNAs during cell cycle entry. This could suggest a unique
regulatory circuit composed of PI3K, XPO5, miRNAs (e.g.,
miR-19a), and tumor suppressors (e.g., Pten and Cyld), which
may positively regulate cell cycle progression by the miRNA-
mediated repression of tumor suppressors during cell cycle
entry (Supplemental Fig. S4E). Given a great many combina-
tions of miRNAs and targets, similar molecular circuits or cas-
cades may exist and constitute a robust regulatory network for
the control of the cell cycle. In any of such regulatory models,
XPOS5 plays a paramount role as a critical molecular hub con-
trolling the gene expression program through global regula-
tion of miRNAs.
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FIGURE 4. XPO5 KD during cell cycle entry causes defective proliferation associated with delayed G1/S transition. (A) Common functional anno-
tation obtained from microarray data and miRNA target genes predicted using TargetScan (darker shade) or PITA (lighter shade) software. Bars, P-
values of Gene Ontology (GO) terms in the cDNA array; the line shows the number of miRNAs with the indicated GO terms. For details, see the
Supplementary Materials and Methods. (B) Heat map of miR-17, 20a, 93, 106a, and 19a target genes predicted using TargetScan, which were up-reg-
ulated by XPO5 KD. The genes known to be involved in cell cycle and cell proliferation are shown in red. (C) Reporter assay with luciferase reporter
bearing 3’ UTRs of Pten and Cyld was quantified 48 h after cotransfection with an XPO5 expression vector (*P < 0.01). (D) Pten mRNA and protein
levels following transfection of a negative control or Xpo5 siRNA, and a negative control or inhibitor for miR-19a (60 nM, 48 h). The RNA level was
determined by real-time PCR, and the protein level was determined by Western blotting. f-Actin was used as internal control for both analyses. (E)
Heat map of differentially expressed cell cycle genes in XPO5 KD and control MEF cells. GO category of “G0:0007049 cell cycle.” (F) Cell cycle anal-
ysis of XPO5 KD MEEF cells. For details, see the Supplementary Materials and Methods. (G) Bromodeoxyuridine (BrdU) incorporation assay of XPO5
KD MEEF cells (n =3, mean + SD, *P < 0.01).

In this regard, the regulation of XPO5 by PI3K signaling
is particularly intriguing since numerous growth stimuli trig-
ger PI3K activation, implying that XPO5-mediated global
miRNA elevation might be involved in a broad range of cel-
lular events associated with cell cycle control. To further un-
derstand this critical event, the molecular mechanism un-
derlying PI3K-dependent post-transcriptional regulation of
XPOS5 should be investigated in the future studies.

Defects of global miRNA regulation during cell cycle
entry and cancer risks

Aberrant gene expression during the cell cycle significantly
increases the risk of carcinogenesis (Hartwell and Kastan
1994). In this context and based on our observations, any ab-
normalities in the regulation and/or function of XPO5 might
pose a cancer risk, as they may cause defects in the global
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elevation of miRNAs. This could cause deregulation of nu-
merous target genes and consequently lead to aberrant gene
expression. Intriguingly, a very recent study indeed reported
mutations of Xpo5 gene in several tumor cell lines (Melo et al.
2010). Our current study may provide a mechanistic insight
into the carcinogenesis by such XPO5 mutations, by showing
the regulatory role of XPO5 during cell cycle entry in healthy
primary cells. Since control of the global miRNA level may
involve different molecular machineries, genes in such ma-
chineries might be also susceptible to cancer by a mechanistic
analogous to the one described above.

Deregulation of global miRNA elevation and cell
cycle checkpoints

The KD of XPO5 may mimic naturally occurring XPO5 de-
fects that expose the cell to the danger of cancer risks.
Strikingly, the XPO5 KD inhibited the proliferation of MEF
cells by leading to a delayed G1/S transition. This implies
that the up-regulation of XPO5 and the following global
miRNA elevation might be the crucial steps to be assessed
at the G1/S checkpoint.

For this G1 arrest, up-regulation of tumor suppressors due
to their liberation from the miRNA control might be one of
the causal events (Supplemental Fig. S4E). This mechanism
may work as a safety net standing by to counteract the risk
of cell cycling when expression of miRNAs is deregulated.
Also in this context, any defects leading to a fatal
miRNome abnormality may sensitize this safety net, and
Xpo5 is one of the most susceptible candidate genes for
such defects. According to the multistep theory (Vogelstein
and Kinzler 1993), XPOS5 dysfunction together with other ge-
netic defects, such as mutations in tumor suppressors, may
eventually cause carcinogenesis by overcoming this safety net.

Brief perspectives and related issues on cell
cycle-associated XPO5 control

Rapid induction and functional up-regulation of XPO5 dur-
ing cell cycle entry imply possible regulatory mechanisms for
other nuclear transport processes during cell cycle entry.
Indeed, a recent work reported accumulation of tRNAs in
the nucleus due to down-regulation of their transportin,
XPO-t, during nutrient deprivation (Huynh et al. 2010).
Together with this report, our work highlights the nuclear
transport machineries as critical control units for proper
cell cycle regulation.

XPO5 is involved in the export of not only miRNA precur-
sors but also other non-miRNA molecules (Wild et al. 2010).
In this report, we argue that the major effect of XPO5 induc-
tion on cell cycle control is due to its function for the global
miRNA elevation because our system biological approach
clearly demonstrated that the major miRNAs up-regulat-
ed during cell cycle entry tend to target critical cell cycle re-
gulators (Figs. 3D, 4A,E; Supplemental Fig. S4F). However,

496 RNA, Vol. 19, No. 4

of course, we do not exclude the possibility for potential in-
fluences of non-miRNA XPO5-targets on cell cycle control.
This possibility should be carefully examined in the future
investigations.

CONCLUSION

Overall, our findings highlight the global miRNA regulation
not only as a critical molecular event in the cell cycle but also
as a risky step for carcinogenesis. Therefore, the molecules
regulating the global miRNome, such as XPO5, could be
potentially therapeutic and/or diagnostic targets in cancer
medicine. Further investigations focusing on the mechanism
of cell cycle arrest caused by global miRNA deregulation
would be particularly crucial to understand the nature of
carcinogenesis.

MATERIALS AND METHODS

Cell isolation

MEFs were isolated from 13.5 days post coitum (dpc) C57BL/6
mice. In vivo and in vitro T-cell isolation and activation are de-
scribed in the Supplementary Materials and Methods.

High-throughput real-time PCR array

miRNA expression profiling was performed with the TagMan
Rodent microRNA Array A version 2.0 (Applied Biosystems). For
comparison of the miRNA profile within fetal calf serum (FCS)
starved and XPO5 KD condition, the R statistics package (http:/
www.r-project.org/) was used. Clustering was done by complete
linkage clustering taking the Euclidean distance of miRNAs with a
fold change >20%.

Microarray data analysis

The transcriptome analysis was conducted with Agilent 4 x 44K
mouse genome expression assays (Agilent Technologies, 14868).

Miscellaneous information

Detailed methods for the all experiments are available in the
Supplementary Materials and Methods.

DATA DEPOSITION

The microarray data have been submitted to Gene Expression
Omnibus (GEO) database under accession no. GSE25498.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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