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Cellular proliferation depends on the integration of mitogenic
stimuli with environmental conditions. Increasing evidence sug-
gests that microRNAs play a regulatory role in this integration.
Here we show that during periods of cellular quiescence, mature
microRNAs are stabilized and stored in Argonaute protein com-
plexes that can be activated by mitogenic stimulation to repress
mitogen-stimulated targets, thus influencing subsequent cellular
responses. In quiescent cells, the majority of microRNAs exist in
low molecular weight, Argonaute protein-containing complexes
devoid of essential components of the RNA-induced silencing com-
plex (RISC). For at least 3 wk, this pool of Argonaute-associated
microRNAs is stable and can be recruited into RISC complexes sub-
sequent to mitogenic stimulation. Using several model systems,
we demonstrate that stable Argonaute protein-associated small
RNAs are capable of repressing mitogen-induced transcripts. There-
fore, mature microRNAs may represent a previously unappreciated
form of cellular memory that allows cells to retain posttranscrip-
tional regulatory information over extended periods of cellular
quiescence.
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Cellular proliferation is a highly regulated process that is
driven by mitogenic stimuli and fueled by available nutrients.

Mitogenic stimuli (growth factors, cytokines, etc.) reprogram
cellular metabolism to facilitate increased macromolecular syn-
thesis required to replicate cells. This metabolic reprogramming
causes proliferating cells to rely heavily on uptake of extracellular
nutrients, particularly glucose and amino acids (1, 2). When cells
are deprived of growth-factor signaling or essential nutrients, they
withdraw from the cell cycle and adopt long-term survival strat-
egies based on fatty acid oxidation and macroautophagy (3, 4).
Subsequent recovery into the cell cycle depends on restoration of
growth-factor signaling and/or depleted nutrients. Over the last
several years we have examined factors that influence this
recovery.
MicroRNAs are small (20–25 nt), noncoding RNAs that reg-

ulate gene expression by targeting nascent transcripts to the
RNA-induced silencing complex (RISC), where mRNA degra-
dation and/or translational repression occurs (5). Mounting ev-
idence suggests that microRNAs play important roles in the
regulation of mitogen-induced gene expression (6–8) and are
required for cells to deal with associated transcriptional stress
(9). We and others have recently identified Arsenite resistance
protein 2 (Ars2) as a mitogen-induced component of the nuclear
cap-binding complex that stimulates expression of a large subset
of microRNAs in proliferating cells (10–12). In addition to its
role in microRNA biogenesis, Ars2 is capable of modulating
histone mRNA processing (11) and can act to regulate tran-
scription in neural stem cells (13).
In the current study, we set out to use siRNA to examine the

role of Ars2 in the mitogen-stimulated proliferation of quiescent
cells. As was the case in constitutively proliferating cells, block-
ing expression of Ars2 with siRNA inhibited mitogen-stimulated

cell proliferation. During the course of these studies we found
that Ars2 siRNAs used were capable of target repression weeks
after being transfected into quiescent cells. This observation led
us to hypothesize that endogenous microRNAs might also be
stable in quiescent cells and capable of subsequent repression of
mitogen-induced targets. Data presented here demonstrate that
microRNAs are stabilized in quiescent cells and stored in low
molecular weight, Argonaute protein complexes that lack GW182,
a protein required for microRNA function. Upon mitogenic
stimulation of quiescent cells high molecular weight microRNA–
Argonaute complexes are reassembled and the microRNAs that
have persisted are able to repress mitogen-stimulated targets.
Together our data reveal previously unappreciated properties of
mammalian microRNA machinery that may allow cells to retain
regulatory information over long periods of cellular quiescence to
modulate subsequent mitogenic responses.

Results
Knockdown of Ars2 by Long-Lived siRNAs. In cells with constitutive
mitogenic signaling, Ars2 is required to maintain proliferation
and cotranscriptional processing of microRNAs and histone
mRNAs (10–12). Whether or not lack of Ars2-dependent micro-
RNA or histone mRNA processing contributes to the ability of
Ars2 to promote cellular proliferation remains unclear. Because
mitogenic stimulation of quiescent cells is able to enhance ex-
pression of Ars2 (10), microRNAs (6), and histone mRNAs (14),
we devised a system to test the role of Ars2 during cellular
quiescence and subsequent mitogen-stimulated growth and pro-
liferation. Immortalized interleukin-3 (IL-3)-dependent hema-
topoietic cells derived from bax−/−,bak−/− embryos [IL-3 double
knockout (DKO) cells; ref. 3] were transfected with two in-
dependent siRNA oligonucleotides targeting Ars2 [Ars2-1 (10)
and Ars2-4; Fig. S1] and cultured in the absence of IL-3 for 1, 2,
or 3 wk followed by IL-3 restimulation (Fig. 1A). The absence of
the core proapoptotic proteins, Bax and Bak, in IL-3 DKO cells
allows them to survive long periods in the absence of mitogenic
stimulation, during which cells do not proliferate, maintaining
their viability through macroautophagy and fatty acid oxidation
(3, 15). Upon restimulation with IL-3, cells immediately begin to
grow in size and resume proliferation 1 to 14 d later depending
on the length of withdrawal. When cells transfected with Ars2
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siRNAs were examined, they displayed a greater than 24 h delay
in proliferation following IL-3 restimulation compared with
control transfectants, even 3 wk after the transient transfection
of Ars2 siRNA (Fig. 1B). Delayed proliferation following IL-3
restimulation was accompanied by repression of mitogen-stim-
ulated mRNA expression of Srrt, the gene encoding Ars2 (Fig.
1C), and of Ars2 protein (Fig. 1D).

MicroRNA Stability in Quiescent Cells. In order for Ars2 siRNAs to
repress their target 3 wk following transfection, they must be ex-
traordinarily stable in quiescent cells. However, modifications
made to commercially available siRNAs are designed to enhance
their stability, which could account for these observations. To
address this issue, two highly expressed endogenous microRNAs,
miR-26a and miR-23a, were examined in quiescent IL-3 DKO
cells. Quantitative real-time PCR (qPCR) analysis revealed that
both miR-26a and miR-23a were enriched over endogenous
control RNA (U6 snRNA) in response to growth-factor with-
drawal and remained elevated for at least 3 wk in the absence of
IL-3 (Fig. 2A, Left). In contrast to the stable increase in expression
of mature miR-26a and miR-23a, primary transcripts containing

miR-26a or miR-23a (Fig. 2A, Right) decreased relative to en-
dogenous control RNA (Eif2c2) within one week of IL-3 with-
drawal. Care was taken when selecting endogenous controls so
that their Ct (cycle threshold) values remain constant over the
course of 3 wk of IL-3 withdrawal (Fig. S2A). Furthermore, per-
sistent expression of miR-23a did not result from enhanced
nuclear processing because previous work has shown that
cotranscriptional processing of miR-23a was significantly inhibited
by the absence of Ars2 (11) and knockdown of Ars2 at the time of
growth-factor withdrawal had no effect on the persistence of
miR-23a (Fig. S2B).
Increased expression of mature microRNAs and concomitant

decrease of their primary transcripts suggests that endogenous
microRNAs can be stably expressed over long periods of growth-
factor withdrawal-induced quiescence. To independently confirm
that increased detection of mature microRNAs in growth-factor–
withdrawn cells resulted from their being more stable than the
endogenous control used for qPCR, U6 snRNA, Northern blots
were performed. Blots for miR-26 loaded with an equal amount
of total RNA per lane confirmed qPCR data in that the relative
abundance of miR-26 increased substantially (15- to 20-fold)
following IL-3 withdrawal from IL-3 DKO cells (Fig. 2B, Left)
or serum withdrawal from immortalized mouse embryonic fibro-
blasts derived from bax−/−,bak−/− embryos (DKO MEFs) (16)
(Fig. S2C, Left). When RNA extracted from an equal number of
cells was loaded per lane, Northern blots revealed that expres-
sion of miR-26 varied by roughly 2-fold over a 2-wk period of IL-
3 withdrawal from IL-3 DKO cells (Fig. 2B, Right) or 5 d of
serum withdrawal from DKO MEFs (Fig. S2C, Right). Thus,
decreased expression of total RNA per cell (Fig. S2D) coupled
with the stability of miR-26 accounted for the apparent 15- to
20-fold increase in miR-26 levels when equal amounts of RNA
were compared between growth-factor–replete and growth-factor–
deprived cells.

Ago2 Stability and Complex Formation in Quiescent Versus Mitogen-
Stimulated Cells. Both the stability and function of microRNAs
depend on their association with the Argonaute proteins, Ago1,
Ago2, Ago3, and Ago4 in mammals (17–19). Therefore, the
effects of IL-3 withdrawal on Argonaute protein expression and
function were examined. Ago2 remained stably expressed over
long periods in the absence of IL-3 (Fig. 3A). Ago1 also remained
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Fig. 1. Stable siRNAs repress Ars2 and proliferation upon growth-factor
restimulation of quiescent cells. (A) Schematic depicting experiments per-
formed to test Ars2 function over long-term growth-factor withdrawal and
restimulation. (B) Proliferation of IL-3 DKO cells transfected with two in-
dependent Ars2 siRNAs or control siRNA and then withdrawn from IL-3 for 0,
1, 2, or 3 wk followed by 1–2 wk of IL-3 restimulation. Arrows indicate time
points at which IL-3 was added to cells (circle, no withdrawal; diamond, 1 wk
IL-3 withdrawal; square, 2 wk IL-3 withdrawal; and triangle, 3 wk IL-3 with-
drawal). A representative experiment is shown and has been repeated more
than three times. (C) Expression of Srrt mRNA, which codes for Ars2 protein,
in IL-3 DKO cells transfected with control or Ars2 siRNAs and then withdrawn
from IL-3 for 1, 2, or 3 wk followed by 3 d of IL-3 restimulation. Bars represent
expression relative to IL-3 DKO cells immediately following transfection (RQ)
measured by qPCR in quadruplicate using the ΔΔCt method ±95% confidence
interval of the mean. Eif2c2 was used as an endogenous control. (D) Expres-
sion of Ars2 protein in IL-3 DKO cells transfected with control or Ars2 siRNAs
and then withdrawn from IL-3 for 2 wk (0 d of restimulation) followed by 4 or
6 d of IL-3 restimulation. Quantification of Ars2 protein (normalized to actin)
relative to cells maintained in complete medium is shown.
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Fig. 2. Stabilization of microRNAs in quiescent cells. (A) Expression of mature
miR-23a and miR-26a (Left) or the primary transcript containing miR-23a or
miR-26a (Right) in IL-3 DKO cells maintained in the absence of IL-3 for 1, 2, or 3
weeks. Bars represent change in expression (RQ) relative to day 0 of with-
drawal measured in quadruplicate using the ΔΔCt method ±95% confidence
interval of themean. U6 snRNAwas used as an endogenous control formature
microRNAs and Eif2c2 was used as an endogenous control for primary tran-
scripts. (B) Northern blot for mature miR-26 and U6 snRNA using RNA isolated
from IL-3 DKO cells in the presence of IL-3 (+) or following 2 wk of IL-3 with-
drawal (−). Either 10 μg of RNAper lane (Left) or 2× 105 cell equivalents of RNA
per lane (Right) was loaded on 15%urea-PAGE gels for Northern blot analysis.
Blots were quantified using ImageJ software and relative band intensities are
displayed below each blot.
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highly expressed following growth-factor withdrawal (Fig. S3A),
whereas Ago3 or Ago4 were undetectable using commercially
available antibodies. To determine if stability or de novo trans-
lation of Ago2 could account for its maintained expression fol-
lowing growth-factor withdrawal, cyclohexamide was added to
cultures and 5 d later Ago2 expression was measured by Western
blot (Fig. S3B). These blots revealed that Ago2 has a half-life of
greater than 5 d regardless of growth-factor availability.
The function of microRNA–Argonaute complexes depends on

their integration into larger macromolecular RISCs that contain
proteins required for translational repression and/or mRNA
degradation (20). Gel filtration (Superose 6) revealed a dramatic
change in the size distribution of Ago2-containing macromole-
cular complexes when IL-3 was removed from the medium of
IL-3 DKO cells (Fig. 3B). These data demonstrate that a fun-
damental change in the composition of the Ago2-RISC occurs in
growth-factor–deprived cells. Furthermore, expression of the
RISC component GW182 substantially decreased in IL-3–with-
drawn DKO cells (Fig. 3C).
To determine if these findings could be extended to a more

physiologically relevant model of mitogenic stimulation, freshly
isolated mouse T cells were stimulated with beads coated with
anti-CD3 and anti-CD28 antibodies in the presence of IL-2.
Consistent with previous findings (21), GW182 increased when
resting T cells were subjected to mitogenic stimulation (Fig.
3D). Moreover, the gel filtration pattern of Ago2 in resting
T cells mimicked that seen in growth-factor–withdrawn IL-3
DKO cells (Fig. 3E, Top). Upon mitogenic stimulation of these
T cells, a large fraction of Ago2 shifted to high molecular
weight complexes (Fig. 3E, Bottom). These data demonstrate
that mitogenic stimuli regulate the expression of the RISC

component GW182 and the association of Ago2 with large
macromolecular complexes.

miR-21 Stabilization in the Absence of Glucose. To determine if cells
made quiescent in the presence of growth-factor signaling also
exhibited alterations in microRNA stability and Ago2 complex
assembly, DKO MEFs were cultured in serum-replete medium
that lacked glucose for 5 d followed by addition of glucose to the
serum-replete medium for 2 d. Unlike IL-3–dependent DKO
cells that grow in suspension, studies of DKO MEFs in medium
lacking nutrients or growth factor are limited to 5 d, after which
cells begin to detach from culture plates. As was the case for
growth-factor–withdrawn cells, expression of several mature
microRNAs increased, whereas their primary transcripts de-
creased following glucose withdrawal (Fig. S4). Of these, miR-21
was examined further. The relative abundance of mature miR-21
increased following glucose withdrawal from serum-replete me-
dium and this enrichment was maintained until glucose was
added to the medium 5 d later, at which point relative miR-21
expression returned to the level it had been before withdrawal
(Fig. 4A, red line). In contrast, the primary transcript containing
miR-21 decreased over the first 2 d of glucose withdrawal and
remained repressed until glucose was added to the medium (Fig.
4A, blue line). To determine if miR-21 stability was altered in
glucose-deprived cells, DKOMEFs were cultured in complete or
glucose-free medium containing actinomycin D and miR-21
levels were determined by Northern blot over the course of 5 d
(Fig. 4B). Quantification of blots revealed that miR-21 had a
half-life of ∼2.6 d in the presence of glucose and a half-life of
greater than 5 d in the absence of glucose (Fig. 4C).

Ago2 Stability and Complex Formation in Glucose-Fed Versus -Starved
Cells. In addition to exhibiting microRNA stabilization similar to
that observed in growth-factor–withdrawn cells, expression of
GW182 decreased in glucose-withdrawn cells and could be re-
covered by restimulation of cells with glucose, whereas Ago2
expression remained constant during glucose withdrawal and
restimulation (Fig. 4D). Although GW182 expression rapidly
decreased following glucose withdrawal, a sufficient amount of
protein remained following overnight glucose deprivation to
determine that it was excluded from the low molecular weight
fractions into which Ago2 shifted (Fig. 4E). Moreover, micro-
RNAs remain associated with Ago2 despite its shift to low mo-
lecular weight GW182-deficient complexes (Fig. S5). Because
the interaction of Ago2 and GW182 is required for microRNAs
to repress their targets (22, 23), these data suggest that in qui-
escent cells the majority of Ago2–microRNA complexes are not
localized in functional RISCs.

Reincorporation of Ago2–MicroRNA Complexes into Functional RISCs.
Restoration of high molecular weight Ago2-RISCs following
restimulation could result from incorporation of preexisting or de
novo synthesized microRNA–Ago2 complexes into high molecu-
lar weight RISCs. To distinguish between these possibilities, an
exogenous oligonucleotide duplex with sequence complementarity
to the 3′ UTR of CXCR4 mRNA (24) was transfected into DKO
MEFs that were subsequently starved of glucose for 5 d followed
by glucose restimulation for 2 d (Fig. 5A). Similar to endogenous
microRNAs, CXCR4 siRNAs were enriched in low molecular
weight complexes during glucose withdrawal and progressively
shifted to high molecular weight complexes upon glucose re-
stimulation (Fig. 5B). Because CXCR4 siRNAs are not made
endogenously, these data confirm that persistent Argonaute-as-
sociated small RNAs are reassembled into high molecular weight
RISCs. Furthermore, CXCR4 siRNA was able to repress reporters
(24) transfected just before glucose restimulation in both an
siRNA-like (perfect) and microRNA-like (bulge) manner, despite
being transfected 5 d earlier and subjected to glucose withdrawal
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and restimulation (Fig. 5C). These data were confirmed using
additional reporters responsive to let-7 (25) (Fig. S6). Moreover,
the ability of CXCR4 siRNA to repress microRNA and siRNA
reporters following mitogenic restimulation could be extended for
up to 3 wk in IL-3 DKO cells (Fig. 5D).

Repression of Mitogen-Induced Targets by Stable miR-21. Data pre-
sented to this point suggest that microRNAs are stabilized and
stored in inactive Argonaute complexes during periods of cellular
quiescence and can subsequently repress targets following mito-
genic restimulation. Stabilization, storage, and subsequent reac-
tivation of microRNAs may therefore represent a mechanism by
which cells regulate mitogen-induced protein expression. To test
this idea, regulation of the mitogen-induced expression and
function of Programmed Cell Death 4 (PDCD4) by miR-21 was
examined (Fig. 6A). PDCD4 is a robust miR-21 target known to
regulate MAPK signaling via suppression of AP-1 activity (26, 27).
When miR-21 was transfected just before IL-3 withdrawal it did
not affect PDCD4 protein expression in quiescent cells, despite
a stable increase in miR-21 level (Fig. 6B). Upon restimula-
tion of cells with IL-3, PDCD4 expression rapidly increased
(Fig. S7A). The magnitude of PDCD4 induction was reduced

approximately twofold by persistent miR-21 that had been
transfected 2 wk earlier (Fig. 6C). Quantification of PDCD4
protein revealed that induction peaked between 30 min and 2 h
following IL-3 restimulation and that the magnitude of this peak
could be significantly inhibited (P = 0.0025) by persistent miR-21
transfected 2 wk earlier (Fig. 6D). No difference in Pdcd4 mRNA
expression was observed between control and miR-21 transfected
cells (Fig. S7B), suggesting that miR-21–mediated translational
repression could account for the observed change in PDCD4
protein induction. As expected, the miR-21–induced decrease in
PDCD4 induction was associated with increased AP-1 activity
following IL-3 restimulation (Fig. 6E). Examination of additional
miR-21 targets (27, 28) revealed that reversion-inducing cysteine-
rich protein with kazal motifs (RECK) expression was signifi-
cantly decreased (P = 0.02) following restimulation of miR-21
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transfected cells, whereas expression of mitogen-activated protein
kinase kinase 3 (MKK3) was not affected by persistent miR-21
(Fig. S7 C and D).

Discussion
Regulated cellular proliferation is essential to the development
and survival of multicellular organisms. Whereas most cells lose
their ability to proliferate upon terminal differentiation, many
cells, including those that comprise the immune system, retain the
ability to respond to mitogenic stimuli with rapid growth and
proliferation. Moreover, under normal circumstances a majority
of immune cells exist in quiescent states. The current study
reveals a mechanism to retain regulatory information over pro-
longed periods of cellular quiescence based on the stability of
microRNA–Argonaute complexes. Data demonstrate that Argo-
naute-associated small RNAs are stabilized during periods of cel-
lular quiescence and retained in low molecular weight complexes
devoid of GW182, a protein required for microRNA-mediated
repression of targets (22, 23). Upon mitogenic restimulation, per-
sistent small RNA–Argonaute complexes are recovered into high

molecular weight RISCs and are capable of repressing mitogen-
induced targets. In this way, quiescent cells can retain previously
produced microRNAs to influence subsequent mitogen-induced
protein expression.
Several potential advantages exist when considering the use of

such a system of regulation. First, stabilization of existing micro-
RNA–Argonaute complexes obviates the need for their de novo
synthesis during quiescence, a cell state in which cellular bio-
energetics is maintained at a minimal level. Preexisting micro-
RNA–Argonaute complexes also have the potential to repress
rapidly induced targets, as was the case for PDCD4 repression by
miR-21 (Fig. 6). Whether this repression absolutely depends on
reincorporation of low molecular weight microRNA–Argonaute
complexes into high molecular weight RISCs or by a different
mechanism remains to be determined. Further characterization of
the components of high molecular weight complexes containing
Ago2 and microRNAs may help resolve this issue. A potential
consequence of blocking the translation of certain proteins is that
mRNAs not targeted by microRNAs may be preferentially
translated when translational resources are limited. Such proper-
ties of stable microRNA–Argonaute complexes could provide cells
a mechanism to buffer against rapid changes in their environment
by reducing the magnitude of induced expression of certain pro-
teins while enhancing the ability of other proteins to be translated.
Based on gel filtration, Ago2 exists in what appears to be three

distinct complexes, all of which contain microRNAs. In mitogen-
stimulated cells, expression of GW182 is elevated and Ago2 is
predominantly found in two high molecular weight complexes
which elute in the void of the gel filtration column (Superose 6) or
around fraction 13. This elution pattern is similar to the elution
pattern seen for GW182 (Fig. 4E). Ago2 complexes found in
stimulated cells likely represent RISC loaded onto mRNA and
associated RNA binding proteins (void, >2MDa) or assembled
RISC not bound to mRNA (fraction 13, ∼500 kDa). In quiescent
cells a small portion of Ago2 remains in the void fraction (bound
to mRNA), whereas the majority Ago2 elutes around fraction 17.
Because the 67-kDa standard also elutes around this fraction and
Ago2 is 97 kDa, the majority of Ago2 is likely free of association
with other proteins in quiescent cells. MicroRNAs remain bound
to Ago2 in quiescent cells as determined by immunoprecipitation
and by coelution from gel filtration columns (Fig. S5). Elution of
Ago2–microRNA complexes at high molecular weight correlates
with increased GW182 expression (Figs. 3 and 4) and total cel-
lular RNA content (Fig. S2D), supporting the conclusion that
high molecular weight complexes are RISC assembled on mRNA
targets. Overall, these data suggest that assembly of RISCs on
mRNA is decreased in quiescent cells where transcription and
translation are limited, likely as a result of a paucity of cyto-
plasmic target mRNA, GW182, or both.
Several recent studies have suggested microRNA turnover can

be affected by cell state or cell type. In the mouse heart, miR-208
has a half-life of greater than 12 d (29) and in liver miR-122
levels remain stable despite decreased primary transcript levels
(30), whereas in neural tissue microRNA half-lives are measured
in hours, not days (31, 32). Additionally, the stability of specific
microRNAs can be affected by the cell cycle (33, 34) and cell
signaling pathways (35, 36). The current study focused on a few
of the most abundant microRNAs found during quiescence in
the cell types examined. Genome-wide studies are required to
fully appreciate the extent of microRNA–Argonaute complex
stabilization in quiescent cells and to determine the consequences
of such stabilization on mitogen-induced target expression. It will
be interesting to determine if distinct microRNAs are stabilized
in different cell types or following different methods of inducing
quiescence. For example, initial observations indicate that miR-
21 stability is selectively responsive to glucose availability (Fig. 4
A–C). Perhaps miR-21 turnover is an active process that requires
a product of glucose metabolism to complete. If microRNA
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wk of IL-3 withdrawal from IL-3 DKO cells transfected with control microRNA
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stability is regulated by target availability, however, it is possible
that miR-21 targets are more rapidly degraded in the absence of
glucose. Whereas several possibilities exist to explain changes in
microRNA stability in quiescent cells, uncovering physiological
conditions in which microRNA turnover is altered will likely aid
in determining mechanisms that regulate microRNA stability.
Although the field of microRNA biology is nearly 20 y old,

many unanswered questions regarding the function and biological
significance of microRNAs remain. Somewhat unexpectedly,
most single microRNA knockout animals generated to date show
no gross developmental or phenotypic changes until subjected to
stressful conditions (reviewed in ref. 37). This observation could
be explained by functional redundancy among microRNAs and/or
other compensatory changes in gene expression. Our data suggest
that external stimuli (growth factors, glucose, etc.) are necessary
to fully activate microRNAs. In the absence of such stimulation
microRNA activity may not be sufficient to alter gross pheno-
types, especially when compensatory mechanisms of gene regu-
lation are in place. Continued investigation into the regulation of
microRNA stability, function, processing, and expression by ex-
tracellular signals is necessary to gain a more complete picture of
the physiological role(s) of microRNAs.

Materials and Methods
Small RNA Transfection. Small RNAs used in these studies are listed in Table S1.
Stealth RNAi siRNAs targeting Ars2 and control stealth RNAi siRNAs were
obtained from Life Technologies. CXCR4 siRNA and let-7 were ordered from
Dharmacon. Allstars Negative Control siRNAs (Qiagen) were used as controls
for CXCR4 siRNA and let-7 experiments. PremiR hsa-miR-21 and control
PremiR mimic were obtained from Ambion. Small RNAs were transfected at
10 pM per 1 × 106 cells. Transfection of small RNAs into IL-3 DKO cells was
accomplished using an Amaxa 4D-Nucleofector as follows. Cells were
resuspended in Cell Line 4D-Nucleofector Solutions SF at 1 × 107 per 100 μL,
added to cuvettetes or 16-well Nucleocuvette strips, and transfected using
program EH-100. Cells were then allowed to rest for 5 min before being
transferred to prewarmed medium at a concentration of 1–2 × 106 cells per

milliliter. Following 4 h of culture at this concentration, cells were counted
and their concentration adjusted to 0.2 × 106 cells per milliliter. DKO MEFs
were reverse transfected using Lipofectamine RNAiMAX. Lipofectamine
RNAiMAX was combined with 20 μM small RNAs at a 4:3 ratio (vol:vol) in
Opti-MEM and incubated for 20 min at room temperature. Trypsinized cells
were added to culture dishes containing siRNAs and Lipofectamine RNAiMAX
at 3.8 × 104 cells per centimeter squared. Three volumes of complete medium
were added to culture dishes and cells were incubated for 1–2 d before glu-
cose or serum withdrawal.

Size Exclusion Chromatography. Size exclusion chromatography was per-
formed using a Superose 6 10/300 GL prepacked column (GE Healthcare)
equilibrated with sup6-150 buffer (150 mM NaCl, 10 mM Tris·HCl pH 7.5, 2.5
mM MgCl2, 0.01% Triton X-100). To prepare total extracts cells were tryp-
sinized, washed once with PBS, and spun down at 300 × g. Dry cell pellets
were snap frozen in liquid nitrogen and stored at −80 °C. Pellets were then
resuspended in sup6-150 buffer, incubated for 10 min on ice, and cleared by
centrifugation at 20,000 × g. A total of 400 μL (1.5–2 mg) of precleaned total
extracts were loaded on the column. Flow rate was adjusted to 0.3 mL/min
and 1-mL fractions were collected. Fractions 1–7 were consistently devoid of
protein, whereas fraction 8 contained the void of the column. Following
fractionation, recombinant GFP protein was added to each fraction as an
internal control at 25 ng/mL. Proteins were then acetone precipitated and
resuspended in 20 μL loading buffer, boiled, and run on Novex NuPAGE SDS/
PAGE gels for Western blot analysis. RNA was extracted from 800 μL of each
fraction with phenol:chloroform:isoamyl alcohol (25:24:1, pH 6.7), pre-
cipitated with isopropanol and resuspended in Gel Loading Buffer II
(Ambion) for Northern blotting.

Additional Materials and Methods. Additional information can be found in SI
Materials and Methods.

ACKNOWLEDGMENTS. The authors thank members of the C.B.T. laboratory
for critical review of this manuscript and data contained herein; Nicholas
Socci for analysis of deep-sequencing data; and Jidong Liu, Zissimos
Mourelatos, and Gideon Dreyfuss for sharing reagents. This work was
funded in part by grants from the National Cancer Institute, the Abramson
Family Cancer Research Institute, and the Memorial Sloan-Kettering
Cancer Center.

1. Vander Heiden MG, Cantley LC, Thompson CB (2009) Understanding the Warburg
effect: The metabolic requirements of cell proliferation. Science 324(5930):1029–1033.

2. DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB (2008) The biology of cancer:
Metabolic reprogramming fuels cell growth and proliferation. Cell Metab 7(1):11–20.

3. Lum JJ, et al. (2005) Growth factor regulation of autophagy and cell survival in the
absence of apoptosis. Cell 120(2):237–248.

4. Cheong H, Lindsten T, Wu J, Lu C, Thompson CB (2011) Ammonia-induced autophagy
is independent of ULK1/ULK2 kinases. Proc Natl Acad Sci USA 108(27):11121–11126.

5. Bartel DP (2009) MicroRNAs: Target recognition and regulatory functions. Cell 136(2):
215–233.

6. Saj A, Lai EC (2011) Control of microRNA biogenesis and transcription by cell signaling
pathways. Curr Opin Genet Dev 21(4):504–510.

7. Farazi TA, Spitzer JI, Morozov P, Tuschl T (2011) miRNAs in human cancer. J Pathol
223(2):102–115.

8. McCoy CE (2011) The role of miRNAs in cytokine signaling. Front Biosci 16:2161–2171.
9. Leung AK, Sharp PA (2010) MicroRNA functions in stress responses.Mol Cell 40(2):205–215.
10. Gruber JJ, et al. (2009) Ars2 links the nuclear cap-binding complex to RNA in-

terference and cell proliferation. Cell 138(2):328–339.
11. Gruber JJ, et al. (2012) Ars2 promotes proper replication-dependent histone mRNA 3′

end formation. Mol Cell 45(1):87–98.
12. He Q, et al. (2011) Ars2 is overexpressed in human cholangiocarcinomas and its de-

pletion increases PTEN and PDCD4 by decreasing MicroRNA-21. Mol Carcinog,
10.1002/mc.21859.

13. Andreu-Agullo C, Maurin T, Thompson CB, Lai EC (2012) Ars2 maintains neural stem-cell
identity through direct transcriptional activation of Sox2. Nature 481(7380):195–198.

14. Marzluff WF, Wagner EJ, Duronio RJ (2008) Metabolism and regulation of canonical
histone mRNAs: Life without a poly(A) tail. Nat Rev Genet 9(11):843–854.

15. Deberardinis RJ, Lum JJ, Thompson CB (2006) Phosphatidylinositol 3-kinase-de-
pendent modulation of carnitine palmitoyltransferase 1A expression regulates lipid
metabolism during hematopoietic cell growth. J Biol Chem 281(49):37372–37380.

16. Wei MC, et al. (2001) Proapoptotic BAX and BAK: A requisite gateway to mito-
chondrial dysfunction and death. Science 292(5517):727–730.

17. Diederichs S, Haber DA (2007) Dual role for argonautes in microRNA processing and
posttranscriptional regulation of microRNA expression. Cell 131(6):1097–1108.

18. Winter J, Diederichs S (2011) Argonaute proteins regulate microRNA stability: In-
creased microRNA abundance by Argonaute proteins is due to microRNA stabiliza-
tion. RNA Biol 8(6):1149–1157.

19. Ender C, Meister G (2010) Argonaute proteins at a glance. J Cell Sci 123(Pt 11):
1819–1823.

20. Pratt AJ, MacRae IJ (2009) The RNA-induced silencing complex: A versatile gene-si-
lencing machine. J Biol Chem 284(27):17897–17901.

21. Yang Z, et al. (2004) GW182 is critical for the stability of GW bodies expressed during
the cell cycle and cell proliferation. J Cell Sci 117(Pt 23):5567–5578.

22. Liu J, et al. (2005) A role for the P-body component GW182 in microRNA function. Nat
Cell Biol 7(12):1261–1266.

23. Jakymiw A, et al. (2005) Disruption of GW bodies impairs mammalian RNA in-
terference. Nat Cell Biol 7(12):1267–1274.

24. Doench JG, Petersen CP, Sharp PA (2003) siRNAs can function as miRNAs. Genes Dev
17(4):438–442.

25. Kiriakidou M, Nelson P, Lamprinaki S, Sharma A, Mourelatos Z (2005) Detection of
microRNAs and assays to monitor microRNA activities in vivo and in vitro. Methods
Mol Biol 309:295–310.

26. Asangani IA, et al. (2008) MicroRNA-21 (miR-21) post-transcriptionally downregulates
tumor suppressor Pdcd4 and stimulates invasion, intravasation and metastasis in co-
lorectal cancer. Oncogene 27(15):2128–2136.

27. Hatley ME, et al. (2010) Modulation of K-Ras-dependent lung tumorigenesis by
MicroRNA-21. Cancer Cell 18(3):282–293.

28. Chau BN, et al. (2012) MicroRNA-21 promotes fibrosis of the kidney by silencing
metabolic pathways. Sci Transl Med 4(121):121ra18.

29. van Rooij E, et al. (2007) Control of stress-dependent cardiac growth and gene ex-
pression by a microRNA. Science 316(5824):575–579.

30. Gatfield D, et al. (2009) Integration of microRNA miR-122 in hepatic circadian gene
expression. Genes Dev 23(11):1313–1326.

31. Sethi P, Lukiw WJ (2009) Micro-RNA abundance and stability in human brain: Specific
alterations in Alzheimer’s disease temporal lobe neocortex.Neurosci Lett 459(2):100–104.

32. Krol J, et al. (2010) Characterizing light-regulated retinal microRNAs reveals rapid
turnover as a common property of neuronal microRNAs. Cell 141(4):618–631.

33. Hwang HW, Wentzel EA, Mendell JT (2007) A hexanucleotide element directs mi-
croRNA nuclear import. Science 315(5808):97–100.

34. Zhou JY, et al. (2009) Analysis of microRNA expression profiles during the cell cycle in
synchronized HeLa cells. BMB Rep 42(9):593–598.

35. Rajasethupathy P, et al. (2009) Characterization of small RNAs in Aplysia reveals a role
for miR-124 in constraining synaptic plasticity through CREB. Neuron 63(6):803–817.

36. Iliopoulos D, Hirsch HA, Struhl K (2009) An epigenetic switch involving NF-kappaB,
Lin28, Let-7 MicroRNA, and IL6 links inflammation to cell transformation. Cell 139(4):
693–706.

37. Ebert MS, Sharp PA (2012) Roles for microRNAs in conferring robustness to
biological processes. Cell 149(3):515–524.

162 | www.pnas.org/cgi/doi/10.1073/pnas.1219958110 Olejniczak et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219958110/-/DCSupplemental/pnas.201219958SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219958110/-/DCSupplemental/pnas.201219958SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219958110/-/DCSupplemental/pnas.201219958SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1219958110

