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Cell growth and proliferation require the coordinated activation of many cellular processes, including cap-dependent mRNA
translation. MicroRNAs oppose cap-dependent translation and set thresholds for expression of target proteins. Emerging data
suggest that microRNA function is enhanced by cellular activation due in part to induction of the RNA-induced silencing com-
plex (RISC) scaffold protein GW182. In the current study, we demonstrate that increased expression of GW182 in activated or
transformed immune cells results from effects of phosphoinositol 3-kinase—Akt—mechanistic target of rapamycin (PI3K-Akt-
mTOR) and Jak-Stat-Pim signaling on the translation of GW182 mRNA. Both signaling pathways enhanced polysome occupancy
and eukaryotic initiation factor 4E (eIF4E) binding to the 5’ 7mG cap of GW182 mRNA. The effect of Jak-Stat-Pim signaling on
polysome occupancy and expression of GW182 protein was greater than that of PI3K-Akt-mTOR signaling, likely resulting from
enhanced eIF4A-dependent unwinding of G-quadruplexes in the 5’ untranslated region of GW182 mRNA. Consistent with this,
GW182 expression and microRNA function were reduced by inhibition of mTOR or Pim kinases, translation initiation complex
assembly, or eIF4A function. Taken together, these data provide a mechanistic link between microRNA function and cap-depen-

dent translation that allows activated immune cells to maintain microRNA-mediated repression of targets despite enhanced

rates of protein synthesis.

Cell growth and proliferation are tightly regulated processes
that often become dysregulated following oncogenic transfor-
mation. Commonly, transforming events activate cellular signal-
ing pathways in a manner that bypasses normal checkpoints used
by nontransformed cells to control growth and proliferation. Two
intracellular signaling pathways that are constituents of normal
immune cell activation and are aberrantly turned on in many
malignancies are the phosphoinositol 3-kinase—Akt—mechanistic
target of rapamycin (PI3K-Akt-mTOR) pathway and the Jak-Stat-
Pim pathway (1, 2). These two pathways converge on the transla-
tion initiation complex, termed eukaryotic initiation factor 4F
(eIF4F), to facilitate increased protein synthesis required for cells
to grow and divide (3).

The translation initiation complex is a multiprotein complex
that binds the 7-methyl-guanosine (7mG) cap at the 5’ end of
cytoplasmic mRNA through eIF4E, unwinds complex secondary
structure within mRNA 5" untranslated regions (UTRs) through
the helicase activity of elF4A and allows the 43S preinitiation com-
plex to associate with and scan mRNA 5’ UTRs for initiation
codons (4). Several lines of evidence indicate that PI3K-Akt-
mTOR and Jak-Stat-Pim signaling bolster eIF4F function through
phosphorylation of e[F4E-binding proteins (4E-BPs), thus freeing
eIF4E from its inhibitory interaction with 4E-BPs (5, 6). A rela-
tively small group of mRNAs containing 5" terminal oligopyrimi-
dine (TOP) or TOP-like motifs are directly regulated by eIF4E and
its essential cofactor eukaryotic initiation factor 4G1 (eIF4G1) (7).
TOP motif-containing mRNAs are highly enriched for those cod-
ing for ribosomal subunits and other components of translational
machinery, resulting in increased cellular capacity for mRNA
translation. However, this increased capacity does not enhance
translation of all capped transcripts equally. Transcripts associ-
ated with cell growth and proliferation often contain complex 5’
UTRs, allowing for an additional level of translational regulation
by the RNA helicase eIF4A (8). Helicase activity of e[F4A is regu-
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lated by interaction with eIF4B and Pdcd4, both of which are
putative targets of the PI3K-Akt-mTOR and Jak-Stat-Pim signal-
ing pathways (9). Therefore, upstream signaling has the potential
to regulate two steps of translation initiation, binding of eIF4E to
the 7mG cap and unwinding of the 5" UTR by eIF4A. This mech-
anism has the potential to enhance translation of specific subsets
of mRNAs required for appropriate responses to upstream signals.

In contrast to the translation initiation complex, microRNAs
limit the translation and/or stability of specific mRNA transcripts
with partially complementary nucleotide sequence in their 3’
UTRs. In recent years, the molecular details of how microRNAs
repress translation and cause the degradation of target mRNAs
have been extensively characterized (10). Two families of proteins,
Argonaute proteins and GW182 family proteins, have emerged as
critical mediators of microRNA function (11). Argonaute pro-
teins (Agol, Ago2, Ago3, and Ago4 in mammals) bind to, stabi-
lize, and allow mature microRNAs to base pair with their targets
(11). Recently, we reported that in most adult tissues, Ago2-mi-
croRNA complexes are long-lived and not associated with mRNA
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targets (12, 13). Like Argonaute proteins, GW182 family proteins
(GW182, Tnrc6b, and Tnrc6c in mammals) are necessary for mi-
croRNA-mediated repression of target mRNA (14, 15). To medi-
ate their effect, GW182 family proteins function as scaffolds to
bridge Argonaute-microRNA complexes to proteins involved in
mRNA deadenylation and decapping (16). In contrast to Argo-
naute proteins, GW182 did not exhibit significant expression in
most adult tissues but was upregulated upon various forms of
cellular activation (12, 13, 17). This suggested that increased
GW182 protein might serve to sustain microRNA-mediated re-
pression of target mRNA under conditions where eIF4F activity
was stimulated.

In the current study, we set out to determine how increased
GW182 expression was coordinated with enhanced eIF4F activity
following activation of immune cells. We found that PI3K-Akt-
mTOR signaling resulted in enhanced expression of GW182
protein without increased steady-state levels of GW182 mRNA.
Maximal GW182 expression also required signaling through the
Jak-Stat-Pim pathway. The PI3K-Akt-mTOR and Jak-Stat-Pim
pathways converged to elicit translation of GW182 mRNA both by
stimulating its association with eIF4E and by facilitating eIF4A-
dependent unwinding of G-quadruplexes in its 5 UTR. Taken
together, data from these studies provide a mechanistic link be-
tween elF4F function and cellular microRNA capacity, suggesting
that these opposing forces on translation are coregulated to main-
tain microRNA-mediated repression of targets over a wide range
of cap-dependent translation.

MATERIALS AND METHODS

Antibodies and reagents. Antibodies used for Western blots were ob-
tained from commercial sources as follows: GW182 from Bethyl; Ago2,
phospho-4E-BP1(T37/40), 4E-BP1, phospho-Akt(S473), Akt, elF4Gl,
elF4A, Pdcd4, Raptor, Rictor, Jak2, phospho-elF4B(S422), phospho-
mTOR(S2448), phospho-S6K(T389), phospho-rpS6(235/236), phospho-
Stat3(Y705), phospho-Stat5(Y649), phospho-Erk(T202/Y204), Erk, and
elF4H from Cell Signaling; eIF4E from BD Biosciences; actin and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) from Sigma; panAgo from
EMD Millipore; Pim1 and Pim2 from Santa Cruz. Chemicals were ob-
tained from the following sources: Torinl from Tocris; rapamycin, SGI-
1776, CX-6258, 4EGI-1, Jak inhibitor I, and PD98059 from Calbiochem;
LY294002 from Cell Signaling; doxycycline and cycloheximide (CHX)
from Sigma; MG-132 from Selleckchem. Silvestrol was kindly provided by
Neil Rosen.

Isolation and stimulation of primary T cells. T cells were isolated
according to protocols approved by the Memorial Sloan Kettering Cancer
Center IACUC or Roswell Park Cancer Institute IACUC from 6- to 12-
week-old wild-type C57BL/6 mice purchased from Jackson Laboratory or
bred in-house, from miR-22 knockout mice (129S-Mir22"™-14r41) pur-
chased from Jackson Laboratory, and from wild-type 129S1/Svlm] mice
purchased from Jackson Laboratory. T cell isolations were performed us-
ing the Dynabeads Untouched mouse T cell kit (Life Technologies) or Pan
T Cell Isolation kit IT, mouse (Miltenyl Biotec), with similar results. Iso-
lations were performed essentially as described in the manufacturers’ in-
structions, and fluorescence-activated cell sorter (FACS) analysis indi-
cated >90% CD3™ T cell enrichment (data not shown). Isolated T cells
were either washed in cold phosphate-buffered saline (PBS) and used
immediately for downstream applications or stimulated with Dynabeads
Mouse T-Activator CD3/CD28 beads at a 1:1 bead-to-cell ratio in RPMI
1640 supplemented with 10% heat-inactivated fetal calf serum (FCS;
Gemini Bio-Products), 10 U/ml penicillin-streptomycin, 2 mM r-glu-
tamine, 50 WM B-mercaptoethanol, 10 mM HEPES, and 25 U/ml recom-
binant murine interleukin-2 (rIL-2; BD Biosciences) and cultured in a
humidified incubator maintained at 37°C, 5% CO,. Beads were removed
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from cultures 24 to 72 h later, and T cells were maintained at a concen-
tration of approximately 1 X 10° cells/ml for the duration of the experi-
ments.

Cell lines and culture conditions. The murine IL-3-dependent lym-
phoid progenitor cell lines FL5.12, FL5.12.xL, and FL5.12.mAkt were pre-
viously described (18-20). To create FL5.12.Jak2 cells, parental FL5.12
cells were transduced with the retroviral vector MSCV-TELJAK2-IRES-
GFP (where MSCV is murine stem cell virus, IRES is internal ribosome
entry site, and GFP is green fluorescent protein; kindly provided by Ross
Levine) and then cultured in the absence of IL-3 until cells began to pro-
liferate in an IL-3-independent manner. Expression of constitutively ac-
tive TELJAK2 was confirmed by Western blotting (see Fig. S4A in the
supplemental material). All FL5.12 variants were propagated in flasks
containing RPMI 1640 supplemented with 10% FCS (Gemini Bio-Prod-
ucts), 10 U/ml penicillin-streptomycin, 2 mM L-glutamine, 50 pM
B-mercaptoethanol, 10 mM HEPES, and 0.35 ng/ml recombinant murine
IL-3 (Gemini Bio-Products) housed in a humidified incubator main-
tained at 37°C, 5% CO,. Cultures were maintained at densities between
0.01 X 10%and 1 X 10° cells/ml. For IL-3 withdrawal experiments, FL5.12
cell variants were harvested by centrifugation (~300 X g for 5 min),
washed with a medium similar to the one described above except lacking
IL-3, and then plated at 0.1 X 10° to 0.2 X 10° cells/ml in the medium
described above with or without addition of IL-3 and cultured for 18 to 24
h. The human hematopoietic cell lines Raji and Jurkat were cultured in
flasks containing RPMI 1640 supplemented with 10% FCS (Gemini Bio-
Products), 10 U/ml penicillin-streptomycin, 2 mM L-glutamine, 50 uM
B-mercaptoethanol, and 10 mM HEPES housed in a humidified incuba-
tor maintained at 37°C, 5% CO,. Raji cells were engineered to express a
doxycycline-inducible variant of 4E-BP1 in which all four mTOR-depen-
dent phosphorylation sites (T37, T46, S65, T70) were mutated to alanines
(4E-BP1-4A) (7). This was accomplished by transduction of the lentiviral
vector pCW57.1-4EBP1_4xAla (Addgene plasmid number 38240) fol-
lowed by selection in 2.5 pg/ml puromycin.

Inducible shRNA constructs. Short hairpin RNAs (shRNAs) target-
ing GW182 were designed according to the DSIR algorithm, followed by
“sensor rules” filtering (21). Each matched control contains the same
hairpin sequence except for bases 9 to 11, which were changed to their
complements (22). All custom oligonucleotides coding for shRNAs were
synthesized by Life Technologies and PCR amplified to generate miR-E
shRNAs according to procedures developed by Fellman et al. (21). PCR
products were gel purified and cloned into the retroviral backbone
RT3GEPIR by standard cloning techniques.

Western blotting. Western blots were performed on whole-cell ly-
sates made by incubation of cell pellets in 1 X radioimmunoprecipita-
tion assay (RIPA) buffer (Thermo Scientific) supplemented with Halt
protease inhibitors and Halt phosphatase inhibitors (Thermo Scien-
tific) for 20 min on ice followed by centrifugation at 20,000 X g for 20
min at 4°C. Lysates were quantified using the bicinchoninic acid
(BCA) method (Thermo Scientific), and 10 to 100 pg of protein per
lane was loaded onto NuPAGE gradient gels. Use of NuPAGE 3 to 8%
Tris-acetate gels and running buffer (Life Technologies) was necessary
for detection of GW182, whereas other proteins could be detected
using NuPAGE Novex 4 to 12% bis-Tris gels and either MES (mor-
pholineethanesulfonic acid) or MOPS (morpholinepropanesulfonic
acid) running buffer (Life Technologies). Gels were run according to
the manufacturer’s recommendations and proteins transferred to ni-
trocellulose membranes for blotting. Membranes were blocked with
3% milk, incubated overnight at 4°C with primary antibodies diluted
in 3% bovine serum albumin (BSA), and then washed three times with
Tris-buffered saline with Tween 20 (TBST) and incubated with IR-
Dye-labeled secondary antibodies (LI-COR) for 2 h at room temper-
ature. Membranes were washed 3 more times with TBST, and bands
were detected using a LI-COR Odyssey imaging system.

Polysome fractionation. Discrimination between monosome- and
polysome-associated mRNAs was performed by density centrifugation of
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FIG 1 Posttranscriptional regulation of GW182. (A) T cells isolated from spleens of C57BL/6 mice were stimulated for 48 h with microbeads coated with anti-CD3 and
anti-CD28 antibodies in the presence of 25 U/ml recombinant IL-2 (rIL-2). Cells were collected at the indicated time points, and protein and RNA were isolated. (Top)
Representative Western blots for GW182 and Argonaute protein expression. GAPDH served as an endogenous control. (Bottom) Red bars represent mean relative
expression values of the mRNA coding for GW182 determined by quantitative real-time RT-PCR (qQRT-PCR) using the AAC, method with data from three independent
experiments performed in triplicate or quadruplicate = 95% confidence intervals of the means. Thp was used as the endogenous control. Blue bars represent mean
relative GW182 protein expression values determined by quantification of data from four Western blots from independent experiments * standard deviations. GAPDH
was used to normalize protein loading between lanes. (B) The IL-3-dependent cell line FL5.12.xL was incubated in medium lacking growth factor (IL-3) for 24 h. Cells
were collected at the indicated time points, and protein and RNA were isolated. (Top) Representative Western blots for GW182 and Argonaute protein expression. Actin
served as an endogenous control. (Bottom) Red bars represent mean relative expression values of the mRNA coding for GW182 determined by qRT-PCR using the AAC -
method with data from two independent experiments performed in quadruplicate = 95% confidence intervals of the means. 18S rRNA gene was used as the endogenous
control. Blue bars represent mean relative GW182 protein expression values determined by quantification of data from three Western blots from independent
experiments * standard deviations. Actin was used to normalize protein loading between lanes. (C) Representative UV absorbance traces recorded during collection of
fractions of lysates from FL5.12.xL cells cultured overnight in the presence or absence of IL-3 centrifuged through 10 to 50% sucrose gradients. Fractions collected for
qRT-PCR comparison of polysome- and monosome (408, 60S, and 80S)-associated mRNAs are noted. (D) Enrichment of GW182 mRNA in polysome fractions from
FL5.12.xL cells cultured in the presence or absence of IL-3 for 24 h determined by qRT-PCR. Bars represent the ratios of GW182 mRNA detected in polysome fractions
to GW182 mRNA detected in monosome fractions. Data were normalized to actin, an endogenous control whose polysome occupancy is unchanged by growth factor
(IL-3) withdrawal (see Fig. S1C in the supplemental material).

cell lysates. Lysates were prepared from 2 X 107 to 10 X 107 cells following
5 min of incubation with 100 pg/ml cycloheximide. Cells were harvested
by centrifugation, washed with PBS containing 100 pug/ml CHX, and fro-
zen in liquid nitrogen. Frozen cell pellets were resuspended in freshly
prepared, ice-cold polysome buffer (20 mM Tris-Cl [pH 7.4], 150 mM
NaCl, 5 mM MgCl,, 1 mM dithiothreitol [DTT], 20 U/ml SUPERase-In
[Ambion], and 100 pg/ml CHX) containing 0.02% Triton X-100, incu-
bated for 10 min on ice, passed through a 27-gauge needle, and centri-
fuged for 10 min at 18,000 X gand 4°C. Resulting lysates were centrifuged
through a 10 to 50% sucrose gradient for 2 h at 39,000 rpm in an SW-41
rotor at 4°C. Gradients were then fractionated using a Teledyne ISCO
density gradient fractionation system and collected into TRIzol LS. RNA
was extracted from resulting fractions with the miRNEasy kit from
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Qiagen, combined into polysome or monosome pools based on UV spec-
tra (Fig. 1C; see also Fig. S3D and S4C in the supplemental material), and
reverse transcribed with SuperScript IV using oligo(dT) primers, and the
resulting cDNA was used for quantitative real-time PCR (qRT-PCR) as
described below.

RIP assay. RNA bound to eIF4E was purified by using the RNA immu-
noprecipitation (RIP) assay kit from MBL International essentially as de-
scribed by the manufacturer. For each RIP, 1 mg of protein lysate was pre-
cleared with 25 pl Dynabeads protein G beads (Life Technologies) and then
incubated with 15 pg eIF4E antibody (MBL International) or 15 g normal
rabbit IgG (MBL International) previously conjugated to 50 pl Dynabeads
protein G beads. Equal volumes of input RNA and RNA isolated from each
RIP were used for cDNA synthesis and QRT-PCR as described below.
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qRT-PCR. RNA isolated using TRIzol reagent (Life Technologies) or
miRNeasy kit (Qiagen) was quantified on a NanoDrop spectrophotome-
ter (Thermo Scientific) or Qubit fluorimeter (Invitrogen), and 0.2 to 1 g
of total RNA was used for first-strand cDNA synthesis using SuperScript
III or SuperScript IV (Life Technologies). Resulting cDNA was PCR am-
plified using TagMan primer/probe sets for specified gene products on either
an Applied Biosystems 7900HT Fast real-time PCR system or an Applied
Biosystems QuantStudio 6 Flex real-time PCR system or using standard
primers (see Table S2 in the supplemental material) and the SsoAdvanced
Universal SYBR green Supermix (Bio-Rad) master mix to amplify cDNA on
a Bio-Rad CFX Connect real-time PCR detection system. Expression of
mRNAs was quantified using the AAC method (where C,is threshold cycle)
with the indicated endogenous controls. For RIP and polysome fractionation
samples, mRNA enrichment was determined by comparing C-values to stan-
dard curves generated from input samples.

DLR assays. Dual-luciferase reporter (DLR) assays were used to mea-
sure microRNA-mediated target repression and the effects of the 5" un-
translated region of GW182 mRNA on protein expression. To measure
microRNA-mediated target repression, the CXCR4 microRNA reporter
system developed by Doench et al. (23) was transfected into cells (100 ng
of reporter vector plus 100 ng of control vector per 10° cells) using an
Amaxa 4D Nucleofector. Control or targeting oligonucleotide duplexes
were cotransfected at the indicated concentrations. Cells were collected 4
h following transfection and lysed, and the resulting lysates were used to
measure activities of renilla and firefly luciferase using the Dual-Lucifer-
ase assay system (Promega) and a GlowMax-96 microplate luminometer.
Data were normalized for transfection efficiency using firefly luciferase
relative light units (RLU) and relative repression values calculated as pre-
viously described (12). To study the effects of the 5" UTR of GW182
mRNA, 5'UTR sequences from human GW182 (wild type or with G-to-A
mutations in putative G-quadruplexes) or 3-Actin as a control were syn-
thesized as gBlocks by IDT and cloned into the Nhel site at the 5" end of
the renilla luciferase gene in pRL-TK (Promega). Resulting vectors were
cotransfected with pGL3 into indicated cell types using an Amaxa 4D
Nucleofector, and cells were cultured overnight in the presence or absence
of 10 nM silvestrol. Data were normalized for transfection efficiency using
firefly luciferase RLU and then compared to RLU values given by trans-
fection of the unmodified pRL-TK vector.

RESULTS

Posttranscriptional regulation of GW182 expression. Mounting
evidence suggests that modulation of GW182 protein level allows
immune cells to coordinate microRNA function with activation
status (12, 13, 17). To gain insight into the mechanism(s) under-
lying activation-induced changes in GW182 expression, time
course experiments were performed using conditions under
which GW182 was induced (T cell activation [Fig. 1A]) or de-
pleted (IL-3 withdrawal from the IL-3-dependent hematopoietic
progenitor cell line FL5.12.xL [Fig. 1B]) by manipulation of mi-
togenic signaling. T cell activation led to a time-dependent in-
crease in GW182 protein to its maximal level (~21-fold higher
than basal level) 48 h following ex vivo stimulation (Fig. 1A). Sub-
sequently, GW182 protein expression decreased and returned to
the basal level by day 5 following activation (see Fig. S1A in the
supplemental material). Surprisingly, the mRNA coding for
GW182 decreased over the first 48 h of T cell activation (Fig. 1A,
bottom), suggesting that increased transcription was not respon-
sible for the large increase in GW182 protein expression. A similar
phenomenon was observed over the first 24 h of IL-3 withdrawal
from the IL-3-dependent hematopoietic progenitor cell line
FL5.12.xL (19); GW182 protein expression decreased 82% * 5%,
while the mRNA coding for GW182 increased approximately
4-fold (Fig. 1B). A recent study revealed that GW182 expression
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could be regulated by TRIM65-dependent ubiquitination and
degradation by proteasomes (24). This mechanism did not account
for changes in GW182 expression upon immune cell stimulation, as
GW182 protein expression was unaffected by proteasome inhibition
(see Fig. SIB in the supplemental material). Instead, growth factor
stimulation led to enrichment of the mRNA coding for GW182 in
polysome fractions of sucrose gradients (Fig. 1C and D), indicating
that its translation was increased. In contrast, mRNAs coding for
other GW182 family proteins Tnrc6b and Tnrcéc were not highly
enriched in polysome fractions of stimulated immune cells (see Fig.
S1C in the supplemental material).

Changes in GW182 expression regulate microRNA capacity
in immune cells. We previously demonstrated that of the three
Tnrc6 family proteins, GW182 was primarily responsible for en-
hanced microRNA-mediated repression in activated T cells (13).
Reanalysis of small RNA sequencing data revealed that association
of microRNAs with target mRNA was inversely correlated with
microRNA expression in resting T cells (Fig. 2A) (Spearman’s r =
—0.2201; P = 0.02). This suggested that under conditions where
GW182 protein expression was low, a large fraction of highly ex-
pressed microRNAs were not in complex with target mRNA. Fol-
lowing T cell activation, a condition under which GW182 protein
expression was greatly increased, this correlation was lost and
nearly all microRNAs exhibited increased association with target
mRNAs (Fig. 2B) (Spearman’s r = 0.0853; P = 0.38).

To test the functional relevance of increased microRNA-
mRNA association following T cell activation, T cells from miR-22
knockout or wild-type mice were activated, and expression of sev-
eral miR-22 target genes, determined by Ago2 high-throughput
sequencing of RNA isolated by cross-linking immunoprecipita-
tion (HITS-CLIP) (see Table S1 in the supplemental material and
reference 25) and a review of the literature, was measured by qRT-
PCR. Target repression by miR-22 was examined because miR-22
was expressed at a high enough level to expect that it would have
an effect on target gene expression (~1% of total microRNA
mapped transcriptome sequencing [RNA-seq] reads in both rest-
ing and activated T cells) and because its expression did not
change following T cell activation, yet its association with target
mRNA increased (Fig. 2A and B, red data points). Moreover, a
miR-22 knockout mouse model was readily available. Activation
of miR-22 knockout T cells resulted in significant increases in
expression of miR-22 target genes Acly (26), Pten (27), and Tet2
(28), a trend toward increased expression of putative miR-22 tar-
get genes Ets] and Serpinb9 (Fig. 2C), and no effect on expression
of a control gene (Sdha) lacking miR-22 seed sites (see Fig. S2A in
the supplemental material) relative to activated wild-type T cells.
Importantly, of the five miR-22 target genes tested, only Pten ex-
pression was elevated in resting miR-22 knockout T cells com-
pared to resting wild-type T cells (Fig. 2C). These effects were
independent of whether miR-22 targets increased or decreased in
expression following T cell activation (see Fig. S2B in the supple-
mental material).

The observations described above are consistent with the pos-
sibility that enhanced expression of GW182 protein increased the
overall capacity for microRNA-mediated target repression in
activated immune cells. To measure the overall capacity for
microRNA-mediated repression in resting versus activated im-
mune cells, increasing concentrations of a synthetic microRNA
were cotransfected with a constant concentration of an extensively
characterized microRNA reporter (23) into FL5.12.xL cells. In the
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transfected into 1 X 10° FL5.12.xL cells cultured in the presence or absence of IL-3 along with increasing concentrations (0.1 to 50 pmol) of targeting microRNA duplexes.
Twenty-four hours following initiation of cultures, cells were collected and dual-luciferase (DLR) assays performed. GraphPad software was used to fit four-parameter
logistic curves to DLR data from 5 independent experiments. Dashed lines with overlaid values illustrate the repressive capacity for each condition. (E) Western blots
showing GW182 protein expression in two inducible GW182 shRNA-expressing FL5.12.xL clones (GW-1 and GW-2) and two inducible control shRNA-expressing
FL5.12.xL clones (ctl-1 and ctl-2) cultured in the absence (—) or presence (+) of doxycycline. Above the blots is a schematic of the miR-E-based shRNA construct stably
expressed in FL5.12.xL clones. (F) FL5.12.xL cells expressing two independent doxycycline-inducible shRNAs targeting the mRNA coding for GW182 or two indepen-
dent C9-11 control shRNAs (see Materials and Methods for details) were treated with 1 pug/ml doxycycline overnight and then transfected with microRNA reporters as
described for panel C plus a saturating concentration (20 pmol) of targeting or nontargeting microRNA duplexes. Twenty-four hours following addition of doxycycline,
cells were collected and DLR assays performed. Bars represent mean microRNA reporter repression values calculated from four independent reporter transfections =
standard deviations of the means. **, P = 0.0005; *, P = 0.003.

presence of growth factor, FL5.12.xL cells expressed a moderate
level of GW182 protein (13) and had a repressive capacity of ap-
proximately 6-fold (5.95 * 0.15). Growth factor withdrawal from
the medium of FL5.12.xL cells for 24 h reduced GW182 protein
expression (Fig. 1B) and microRNA repressive capacity to (3.17 =
0.11)-fold (Fig. 2D). However, the ability of the synthetic
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microRNA used for these assays to repress a reporter with a per-
fectly complementary target site via the small interfering RNA
(siRNA) pathway was similar in growth factor stimulated and
withdrawn cells (see Fig. S2C in the supplemental material; see
also reference 13), suggesting that Ago2 loading and function were
not compromised in growth factor-withdrawn cells.
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FIG 3 Regulation of GW182 translation and microRNA capacity by the PI3K-Akt-mTOR signaling pathway. (A) (Left) Representative Western blots for
GW182, Argonaute 1-4 (panAgo), and mTOR-dependent phosphorylation events in FL5.12 cells expressing myristoylated Akt (FL5.12.mAkt) cultured in the
presence or absence of IL-3 plus Torin1 (500 nM) or rapamycin (100 nM). GAPDH served as an endogenous control. (Right) Red bars represent mean expression
values of the mRNA coding for GW182 relative to the (+)IL-3 condition * 95% confidence intervals of the means from a representative qRT-PCR experiment
performed two times in quadruplicate. 18S rRNA gene was used as the endogenous control. Blue bars represent mean GW182 protein expression values relative
to the (+)IL-3 condition = standard deviations determined by quantification of data from Western blots from four independent experiments. GAPDH was used
to normalize protein loading between lanes. (B) A renilla luciferase reporter targeted by a synthetic microRNA or a control reporter lacking the microRNA target
sequence was cotransfected with pGL3 and 20 pmol of targeting or control microRNA duplex into 1 X 10° FL5.12.mAkt cells cultured in the absence of IL-3
overnight = 500 nM Torinl or 100 nM rapamycin. Twenty-four hours following initial incubation, cells were collected and dual-luciferase (DLR) assays
performed. Bars represent mean reporter repression values calculated from four independent reporter transfections *+ standard deviations. *, P < 0.05. (C)
Enrichment of GW182 mRNA in polysome fractions from FL5.12.mAkt cells or FL5.12.xL cells cultured in the presence or absence of IL-3 for 24 h as determined
by qRT-PCR. Bars represent the ratios of GW182 mRNA detected in polysome fractions to GW182 mRNA detected in monosome fractions (see Fig. S3D in the
supplemental material). Data were normalized to the mRNA coding for actin, an endogenous control whose polysome occupancy is unchanged by growth factor
(IL-3) withdrawal (see Fig. S1C in the supplemental material). (D) Representative Western blots for GW182, 4E-BP1, and eIF4E as an endogenous control using
proteins extracted from Raji cells expressing doxycycline-inducible 4E-BP1-4A that were cultured in the absence or presence of doxycycline (1 pg/ml) for 48 h.
(E) Effects of doxycycline-induced 4E-BP1-4A expression in Raji cells on microRNA reporter repression measured as described for panel B. Bars represent mean

reporter repression values from four independent reporter transfections * standard deviations. *, P < 0.05.

To test whether growth factor withdrawal-associated reduction in
microRNA repressive capacity could be attributed to decreased
GW182 expression, doxycycline-inducible shRNAs targeting the
mRNA coding for GW182 or control shRNAs were stably expressed
in FL5.12.xL cells. After 24 h of doxycycline (1 pg/ml) treatment in
the presence of growth factor, GW182 protein expression decreased
by 88% = 8% in cells expressing GW182-targeting shRNA-1,91% *
4% in cells expressing GW182-targeting shRNA-2, 3% * 2% in cells
expressing control shRNA-1, and 25% * 1% in cells expressing con-
trol shRNA-2 (Fig. 2E). Concurrently, doxycycline treatment de-
creased repressive capacity 2.62-fold in cells expressing GW182-tar-
geting shRNA-1, 1.91-fold in cells expressing GW182-targeting
shRNA-2, 0.31-fold in cells expressing control shRNA-1, and 0.64-
fold in cells expressing control shRNA-2 (Fig. 2F), demonstrating
that changes in repressive capacity resulting from growth factor with-
drawal correlated closely with changes resulting from GW182 knock-
down in the presence of growth factor.

mTOR promotes translation of GW182 mRNA and micro-
RNA function. Our previous work suggested that GW182 protein
expression was linked to PI3K-Akt signaling (13). Consistent with
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this, introduction of a constitutively active myristoylated Akt
(mAkt) rescued ~60% of GW182 protein expression in FL5.12
cells cultured in the absence of IL-3. A major downstream ef-
fector of PI3K-Akt signaling is the serine-threonine kinase
mechanistic target of rapamycin (mTOR). Addition of the
mTOR inhibitors Torinl or rapamycin to mAkt-expressing
FL5.12 cells (FL.5.12.mAkt [20]) suppressed the ability of mAkt
to enhance GW182 protein levels without affecting expression of
the mRNA coding for GW182 (Fig. 3A). This effect was con-
served between mouse and human cells, as treatment of the
human T cell lymphoma line Jurkat with Torinl or rapamycin
decreased expression of GW182 protein (see Fig. S3A in the
supplemental material). Moreover, inhibition of mTOR signal-
ing by amino acid withdrawal (see Fig. S3B in the supplemental
material) or knockdown of Raptor or Rictor (see Fig. S3C in the
supplemental material) decreased expression of GW182 pro-
tein. Consistent with the role for GW182 in determining cellu-
lar microRNA capacity, treatment of growth factor-starved
FL5.12.mAkt cells with Torinl or rapamycin significantly de-
creased repression of a reporter targeted by a saturating
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amount of a transfected synthetic microRNA (Fig. 3B). Taken
together, these data suggest that mTOR signaling regulates
GW 182 protein expression and therefore microRNA repressive
capacity via a posttranscriptional mechanism.

A major function of mTOR is regulation of cap-dependent
mRNA translation through phosphorylation of downstream tar-
gets such as eIF4E binding proteins (4E-BPs) and ribosomal pro-
tein S6 kinase (S6K) (29). Since GW 182 was found to be regulated
posttranscriptionally in an mTOR-dependent manner, we hy-
pothesized that translation of GW182 mRNA was enhanced
by PI3K-Akt-mTOR signaling. To test this hypothesis, poly-
some profiling experiments were performed on lysates from
FL5.12.mAkt cells cultured overnight in the absence of growth
factor. In agreement with our hypothesis, sustained activation of
the PI3K-Akt-mTOR signaling in the absence of exogenous
growth factor led to enhanced occupancy of GW182 mRNA in
polysome fractions (Fig. 3C). To further test our hypothesis, we
generated Raji cells expressing doxycycline-inducible 4E-BP1
with all four mTOR phosphorylation sites mutated to alanines
(4E-BP1-4A), thus rendering it insensitive to inhibition by mTOR
(7). Doxycycline treatment of Raji cells expressing inducible 4E-
BP1-4A led to marked induction of 4E-BP1-4A and decreased
expression of GW182 (Fig. 3D), accompanied by a significant loss
of microRNA capacity (Fig. 3E).

Jak-Stat signaling enhances translational upregulation of
GW182. Since signaling through the PI3K-Akt-mTOR pathway
only partially accounted for mitogen-stimulated GW182 expres-
sion (Fig. 3A) (13), we examined the kinetics of phosphorylation
events within additional signaling pathways relative to GW182
induction following ex vivo T cell activation. Activating phosphor-
ylation events in the PI3K-Akt-mTOR, Jak-Stat, and Mek-Erk sig-
naling pathways coincided with GW182 induction (Fig. 4A). To
explore the contribution of each pathway to observed increases in
GW182 expression following T cell activation, chemical inhibitors
were tested for their ability to block GW182 induction. Inhibitors
of PI3K (LY294002) and Jak (CAS 457081-03-7) signaling mark-
edly reduced GW182 induction, whereas an inhibitor of the mi-
togen-activated protein kinase (MAPK) pathway (PD98059) had
no effect on GW182 induction in ex vivo-activated T cells (Fig. 4B)
or in growth factor-stimulated FL5.12.xL cells (Fig. 4C). Consis-
tent with this, culture of «CD3-stimulated primary T cells with
IL-2, which primarily signals via the Jak-Stat pathway (30), in-
duced GW182 protein expression at least as well as costimulation
with anti-CD3 and anti-CD28 (Fig. 4D). Neither the combination
of anti-CD3 and IL-2 nor that of anti-CD3 and anti-CD28 en-
hanced steady-state GW182 mRNA levels (Fig. 4D, bottom), sug-
gesting that both stimuli had a posttranscriptional effect on
GW182 protein expression.

To explore the independent contribution of Jak-Stat signaling
to the posttranscriptional regulation of GW182, FL5.12 cells were
engineered to stably express the fusion protein TEL-JAK2 (31),
leading to the constitutive activation of the Jak-Stat pathway (see
Fig. S4A in the supplemental material). Similar to FL5.12.mAkt
cells, FL5.12 cells expressing TEL-JAK2 (FL5.12.Jak2) were able to
survive and proliferate in the absence of IL-3 stimulation (see Fig.
S4B in the supplemental material). A comparison of FL5.12.xL,
FL5.12.mAkt, and FL5.12.Jak2 cells cultured in the absence of ex-
ogenous growth factor (IL-3) revealed that GW182 mRNA ex-
pression was similar in all three cell types while FL5.12.Jak2 cells
maintained a significantly higher level of GW182 protein expres-
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sion in the absence of growth factor stimulation (~80% of growth
factor stimulated) than did FL5.12.xL or FL5.12.mAkt cells
(Fig. 4E). Moreover, constitutive Jak-Stat pathway activation in
the absence of growth factor stimulation led to further enrichment
of GW182 mRNA in polysome fractions compared to PI3K-Akt-
mTOR activation (Fig. 4F).

Pim and mTOR kinases transduce parallel signals that boost
GW182 protein expression in stimulated immune cells. Pim ki-
nases (Pim1 to -3) are transcriptionally regulated targets of the
Jak-Stat signaling pathway that can phosphorylate many of the
same proteins as the AGC kinases, which are integral parts of
the PI3K-Akt-mTOR pathway (32). Expression of Pim1 and
Pim2 was markedly enhanced following ex vivo activation of T
cells and preceded increased GW182 expression (Fig. 5A).
Moreover, FL5.12.Jak2 cells cultured in the absence of growth
factor maintained expression of GW182, Pim1, and Pim2 (Fig.
5B). Pim 3 could not be detected by Western blotting in T cells
or FL5.12 cells.

Previously published data indicate that Pim2 can enhance cap-
dependent mRNA translation in parallel with mTOR (6, 33, 34).
Consistent with these observations, Torinl had only minor effects
on GW182 protein expression in FL5.12.Jak2 cells cultured in the
absence of IL-3 (Fig. 5C). Conversely, treatment of FL5.12.Jak2
cells with the pan-Pim kinase inhibitor SGI-1776 resulted in a
marked reduction in GW182 protein expression without dimin-
ished expression of the mRNA coding for GW182 (Fig. 5C). Sim-
ilar results were obtained using the mTOR inhibitor rapamycin
and the Pim kinase inhibitor CX-6258 (see Fig. S5 in the supple-
mental material). Importantly, effects of Pim and mTOR kinase
inhibitors on GW182 expression were opposite in FL5.12.mAkt
cells cultured in the absence of growth factor (Fig. 5C), suggesting
that Pim and mTOR kinases transduce parallel signals upstream of
enhanced GW182 protein expression.

Translation initiation complex assembly on GW182 mRNA
is regulated by PI3K-Akt-mTOR and Jak-Stat-Pim signaling
and required for enhanced GW182 protein expression and
microRNA function in stimulated immune cells. Our data indi-
cate that GW182 protein expression in activated immune cells is
enriched primarily through the effects of PI3K-Akt-mTOR and
Jak-Stat-Pim signaling on translation of GW182 mRNA. These
two signaling pathways act in parallel, suggesting that they share
common downstream targets involved in increasing translation of
GW182 mRNA. Since both pathways can regulate the rate-limiting
step of translation initiation complex assembly (9), eIF4E binding to
the 7mG cap of mRNA, we performed RNA-immunoprecipitations
(RIPs) to examine association of the GW182 mRNA with eIF4E.
Consistent with previous reports, activation of either PI3K-Akt-
mTOR or Jak-Stat-Pim signaling resulted in growth factor-indepen-
dent phosphorylation of 4E-BP1 (see Fig. S6A in the supplemental
material) along with decreased 4E-BP1 and increased eIF4G1 associ-
ation with eIF4E (Fig. 6A). These effects were accompanied by signif-
icant enrichment of GW182 mRNA associated with eIF4E in
FL5.12.mAkt and FL5.12.Jak2 cells cultured in the absence of growth
factor stimulation (Fig. 6B). This enrichment was specific, since of the
three mRNAs coding for GW182 family proteins, only association of
GW182 mRNA with eIF4E was regulated by growth factor (see Fig.
S6B in the supplemental material).

Upon binding to the 7mG cap, eIF4E recruits the scaffold pro-
tein eIF4G, allowing further assembly of the translation initiation
complex and loading of the 43S ribosome onto mRNA. To con-
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FIG 4 Regulation of GW182 translation by the Jak-Stat-Pim signaling pathway. (A) Western blots for GW182, Argonaute 1-4 (panAgo), and signaling events
associated with ex vivo activation of C57BL/6 splenic T cells with microbeads coated with anti-CD3 and anti-CD28 antibodies in the presence of 25 U/ml
recombinant murine interleukin-2 (rIL-2). GAPDH served as an endogenous control. (B) Splenic T cells from C57BL/6 mice were activated as described for panel
A in the presence of vehicle control, dimethyl sulfoxide (DMSO), 1 uM Jak inhibitor 1 (JAKi, CAS 457081-03-7), 10 wM LY294002 (PI3Ki), or 20 uM PD98059
(MEKi). Cells were collected 48 h after activation, and lysates were prepared for Western blots using antibodies against GW182, Argonautel-4 (panAgo), and
actin as an endogenous control. (C) Western blots showing GW182 and Argonaute expression in FL5.12.xL cells cultured for 24 h in the presence or absence of
IL-3 or in the presence of IL-3 plus 1 wM Jak inhibitor 1 (JAKi, CAS 457081-03-7), 10 uM LY294002 (PI3Ki), or 20 uM PD98059 (MEKi). Actin served as an
endogenous control. (D) Expression of GW182 protein and mRNA in C57BL/6 T cells stimulated ex vivo with microbeads coated with anti-CD3 antibody or
anti-CD3 and anti-CD28 antibodies in the presence or absence of rIL-2. (Top) Representative Western blots for GW182 protein expression with GAPDH as an
endogenous control. (Bottom) Red bars represent mean expression values of the mRNA coding for GW182 relative to freshly isolated, unstimulated T cells =
95% confidence intervals of the means from a representative qRT-PCR experiment performed two times in quadruplicate. Sdha was used as the endogenous
control. Blue bars represent mean GW182 protein expression values relative to freshly isolated, unstimulated T cells * standard deviations determined by
quantification of data from Western blots from three independent experiments. GAPDH was used to normalize protein loading between lanes. (E) Expression
of GW182 protein and mRNA in IL-3-dependent FL5.12 cells expressing either Bcl-x; (xL), myristoylated Akt (mAkt), or the TEL-JAK2 fusion protein (Jak2)
following 24 h of culture in the presence or absence of IL-3. (Top) Representative Western blots for GW182 and Argonaute 1-4 (panAgo) with actin as an
endogenous control. (Bottom) Red bars represent mean expression values of the mRNA coding for GW182 relative to the (+)IL-3 condition * 95% confidence
intervals of the means from a representative QRT-PCR experiment performed two times in quadruplicate. Gapdh was used as the endogenous control. Blue bars
represent mean GW182 protein expression values relative to the (+)IL-3 condition * standard deviations determined by quantification of data from Western
blots from five independent experiments. Actin was used to normalize protein loading between lanes. *, P < 0.01; **, P < 0.001. (F) Enrichment of GW182
mRNA in polysome fractions from FL5.12.Jak2, FL5.12.mAkt, or FL5.12.xL cells cultured in the presence or absence of IL-3 for 24 h as determined by qRT-PCR.
Bars represent the ratio of GW182 mRNA detected in polysome fractions to GW182 mRNA detected in monosome fractions (see Fig. S4C in the supplemental
material). Data were normalized to the mRNA coding for actin, an endogenous control whose polysome occupancy is unchanged by growth factor (IL-3)
withdrawal (see Fig. S1C in the supplemental material).

firm that translation initiation complex assembly enhanced
GW182 protein expression in activated immune cells, we dis-
rupted eIF4E interaction with eIF4G using two approaches. Dis-
ruption of the e[F4E-elF4G interaction by treatment of activated
T cells with the small-molecule inhibitor 4EGI-1 resulted in a
marked reduction in GW182 protein expression (Fig. 6C) and
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microRNA capacity (Fig. 6D). Similar results were obtained
through shRNA-mediated depletion of elF4GI, the eIF4G iso-
form primarily responsible for cap-dependent translation (7),
from FL5.12 cells (Fig. 6E and F).

Translation of GW182 mRNA is further regulated by G-qua-
druplexes in its 5° UTR. Data from polysome fractionation and
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protein loading between lanes. *, P < 0.05.

RIP experiments suggest that efficient translation of the GW182
mRNA relies on eIF4E association with its 7mG cap and a subse-
quent regulatory step that was more efficiently enhanced by Jak-
Stat-Pim signaling than by PI3K-Akt-mTOR signaling, poten-
tially explaining the difference in GW182 protein expression upon
activation of each pathway in the absence of exogenous growth
factor. Since eIF4E-GW182 mRNA and eIF4E-eIF4G interactions
did not differ in growth factor-withdrawn FL5.12.mAkt and
FL5.12.Jak2 cells (Fig. 6A and B) and both signaling pathways
could have stimulatory effects on the RNA helicase component of
the translation initiation complex, e[F4A (Fig. 7A), we examined
the effects of both pathways on eIF4A regulatory proteins. Jak-
Stat-Pim signaling had a greater effect on phosphorylation of
elF4B, an upstream elF4A activator, and suppression of Pdcd4, an
upstream repressor of e[F4A activity (Fig. 7B), than did PI3K-Akt-
mTOR signaling, suggesting that eIF4A activity may be higher in
FL5.12.Jak2 cells cultured in the absence than in the presence of
exogenous growth factor, potentially leading to enhanced transla-
tion of GW182 mRNA.

Many proteins involved in growth and proliferation are coded
by mRNAs containing complex 5’ untranslated regions (UTRs)
that limit translation in the absence of mitogenic stimulation (8).
Emerging evidence suggests that a common feature of many of
these transcripts is the presence of G-quadruplex structures in
their 5" UTRs that must be unwound by RNA helicases, such as
elF4A, to promote efficient ribosome binding (35). Examination
of the 5 UTR of GW182 mRNA revealed highly conserved se-
quence containing two putative G-quadruplexes (Fig. 7C). The
effect of these G-quadruplexes on translation was tested using a
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reporter system in which the 5" UTR from human GW182 mRNA
was cloned at the 5" end of the renilla luciferase gene in pRL-TK.
Transfection of the wild-type human GW182 5" UTR reporter
into FL5.12.xL cells resulted in inhibition of reporter expression
by approximately 80% compared to empty vector or a control
vector with the 5" UTR of B-actin mRNA cloned into pRL-TK
(Fig. 7D). Inhibition of eIF4A helicase function with silvestrol led
to further inhibition of reporter expression, suggesting that e[F4A
contributed to unwinding of mRNA structure in the 5" UTR of
GW182 mRNA. Mutation of the G-quadruplexes in the GW182
mRNA 5" UTR resulted in a significant decrease in the ability of
silvestrol to inhibit reporter expression (Fig. 7D), consistent with
the proposed role of e[F4A in unwinding G-quadruplexes (35).
Similar results were obtained using Jurkat cells (see Fig. S7A in the
supplemental material).

Since elF4A is recruited to the translation initiation complex
by eIF4G (36), it follows that e[F4A-dependent unwinding of the
G-quadruplexes in the GW182 mRNA 5" UTR may be the second
control point subsequent to eIF4E-eIF4G assembly that regulates
the translation of GW182 mRNA. To test this, FL5.12.mAkt and
FL5.12.Jak2 cells cultured in the absence of growth factor or Jurkat
cells cultured in complete medium were treated with silvestrol to
inhibit eIF4A function. Expression of GW182 protein was signif-
icantly inhibited by treatment with silvestrol, regardless of species
of origin or whether PI3K-Akt-mTOR or Jak-Stat-Pim signaling
was constitutively active (Fig. 7E; see also Fig. S7B in the supple-
mental material). Silvestrol treatment did not decrease expression
of GW182 mRNA (Fig. 7E, red bars).
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deviations. *, P < 0.05. (E) Representative Western blots for GW182, eI[F4G1, Argonaute 1-4 (panAgo), and actin as an endogenous control using proteins
extracted from FL5.12 cells 5 days following transduction with lentiviral particles harboring two independent shRNAs targeting e[F4G1 mRNA or a control
shRNA in pLKO.1. (F) A renilla luciferase reporter targeted by a synthetic microRNA or a control reporter lacking the microRNA target sequence were
cotransfected with pGL3 and 20 pmol of targeting or control microRNA duplex into 1 X 10° eIF4G1 or control knockdown FL5.12 cells as described for panel
E. Bars represent mean reporter repression values calculated from four independent reporter transfections * standard deviations. *, P < 0.05.

DMSO 4EGI-1

DISCUSSION

GW182 family proteins are necessary and sufficient mediators of
microRNA function in mammalian cells (14, 15). It therefore
stands to reason that modulation of GW182 family protein ex-
pression has the potential to globally alter the ability of micro-
RNAs to repress target mRNAs, regardless of which of the many
repressive mechanisms attributed to microRNAs (37) are em-
ployed. The current study provides further evidence supporting
this notion along with mechanistic detail to previous observations
that GW182 protein expression is dramatically enhanced in acti-
vated T cells (12, 13, 17). Enhanced GW182 expression was suffi-
cient to increase the activity of microRNAs in the absence of in-
creased expression (Fig. 2) (13) and despite proteasome-mediated
degradation of Argonaute proteins in activated T cells (38), sug-
gesting that GW182 is limiting for microRNA activity in resting T
cells. Additionally, data demonstrate that stimulation of PI3K-
Akt-mTOR and Jak-Stat-Pim signaling networks downstream of
activating surface receptors on immune cells enhanced translation
of the mRNA coding for GW182 via effects on the translation
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initiation complex (eIF4F), resulting in augmented GW182 pro-
tein expression and increased capacity for microRNAs to repress
targets in activated immune cells. We propose that this mecha-
nism allows activated immune cells to maintain microRNA func-
tion in the face of activation-induced mRNA translation.

To date, the major focus of research on GW182 family proteins
has involved examination of the molecular details of how they
interact with other RNA-induced silencing complex (RISC) com-
ponents to repress mRNA translation and stability (39-51). Only
recently has attention been paid to the regulation of expression of
individual GW182 family proteins. In activated immune cells,
GW182 is the predominant family member that contributes to
microRNA-mediated repression, and its expression can be up-
regulated by PI3K signaling (13). Here we demonstrate that PI3K
signaling functions to enhance GW182 expression through
mTOR-dependent effects on translation initiation. Furthermore,
we demonstrate that Jak-Stat-Pim signaling is an independent
regulator of GW182 translation. While GW182 has been reported
to be regulated by ubiquitin-dependent proteasome degradation
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FIG 7 Unwinding of G-quadruplexes in the 5" UTR of GW182 mRNA by eIF4A enhances GW182 protein expression. (A) Model for regulation of e[F4A activity
by convergent signaling through the PI3K-Akt-mTOR and Jak-Stat-Pim signaling pathways. (B) Western blots for phosphorylation of eIF4B or expression of
Pdcd4 and eIF4A in IL-3-dependent FL5.12 cells expressing either Bcl-x; (xL), myristoylated Akt (mAkt), or the TEL-JAK2 fusion protein (Jak2) following 24 h
of culture in the presence or absence of IL-3. Actin served as an endogenous control. (C) Conserved sequence in the 5’ untranslated region (UTR) of the mRNA
coding for GW182 contains two potential G-quadruplexes (GQ1 and GQ2), highlighted in yellow. (D) Effects of the 5" UTR from GW182 mRNA on translation
of pRL-TK-based reporter constructs in the absence (DMSO) or presence of silvestrol. The 5" UTR from GW182, mutant variants in which two of the four
guanines forming putative G-quadruplexes were mutated to alanines, or the 5" UTR from (-actin were cloned into pRL-TK upstream of the start codon for renilla
luciferase. These constructs were transfected into FL5.12 cells along with pGL3, and dual-luciferase (DLR) assays were performed following overnight incubation
in complete medium in the absence or presence of silvestrol (10 nM). Bars represent mean normalized luciferase activities = standard deviations from three
independent experiments performed in duplicate. ***, P = 0.00003; **, P = 0.005; *, P = 0.02. (E) Effects of silvestrol (10 nM) on expression of GW182 protein
and mRNA in FL5.12.mAkt or FL5.12.Jak2 cells. (Top) Representative Western blots for GW182 and Ago2 with actin as an endogenous control. (Bottom) Red
bars represent mean expression values of the mRNA coding for GW182 relative to the (—)IL-3 condition = 95% confidence intervals of the means from two
independent qRT-PCR experiments performed in quadruplicate. GAPDH was used as the endogenous control. Blue bars represent mean GW182 protein
expression values relative to the (—)IL-3 condition * standard deviations determined by quantification of data from Western blots from three independent
experiments. Actin was used to normalize loading between lanes.

in some cell types (24), GW182 expression does not appear to be
regulated by the ubiquitin-proteasome system in the cell types and
under the conditions used for these studies, as indicated in Fig.
S1B in the supplemental material (also, data not shown). Instead,
our data continue to support a model in which microRNAs are
able to rapidly respond to cellular signals in the absence of de novo
biogenesis in order to modulate gene expression programs. Since
GW182 mRNA is expressed in resting cells in the absence of high
levels of GW182 protein, it appears that this microRNA response
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system is poised to respond to changes in protein translation stim-
ulated by upstream signaling.

It has long been appreciated that the expression of many
proteins involved in cell growth and proliferation is transla-
tionally regulated (52). Groundbreaking work from the Sonen-
berg lab in the early 1990s defined eIF4E as a proto-oncogene
(53), linking protein synthesis and cellular transformation. In
retrospect, it seems obvious that enhanced protein synthesis is
required for cell growth and proliferation that accompanies
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transformation, especially since many more links between
transformation and regulators of protein synthesis have been
discovered (8). Here we define a novel link, mediated by trans-
lational regulation of GW182, between two cancer-associated
signaling pathways and the activity of microRNAs that nega-
tively regulate translation of specific mRNAs. Constitutive ac-
tivation of either the PI3K-Akt or the Jak-Stat signaling path-
way stimulates GW182 translation through activity of the
downstream kinase mTOR or Pim, respectively. Inhibition of
each kinase blocks GW182 expression only in cells where the
associated upstream pathway is active (Fig. 4D), suggesting
that mTOR and Pim kinases are functionally redundant for
their ability to regulate GW182 translation. Whether or not
shared downstream effectors of mTOR and Pim kinases stim-
ulate GW182 translation and whether translation of other
mRNAs is regulated similarly are areas of active investigation.

A confounding aspect of this work is that GW182 is one of
three functionally redundant GW182 family proteins. Therefore,
expression of the other two family members, Tnrc6b and Tnrcéc,
has the potential to influence microRNA function independent of
GW182 expression. Commercial antibodies against Tnrcéb and
Trnc6c have been unreliable in determining their expression by
Western blotting. However, enrichment of Tnrcéb or Tnrc6c
mRNAs in polysome fractions (see Fig. SIC in the supplemental
material) or eIF4E RIPs (see Fig. S6B in the supplemental mate-
rial) showed little change in activated immune cells, suggesting
that the mechanism by which GW182 is induced is unique among
GW182 family proteins. Since expression of mRNAs coding for
Tnrc6b or Tnrc6c does not increase in activated immune cells
(data not shown), it is unlikely that expression of either protein is
significantly enhanced. Additional evidence for this comes from
functional studies showing that GW182 is primarily responsible
for determining microRNA capacity in activated immune cells, as
knockdown of either Tnrc6b or Tnrc6c had little effect on the
repression of microRNA reporters (reference 13 and data not
shown). However, different cell types may rely more on Tnrcéb or
Tnrc6e expression to determine their microRNA capacity than
on GW182. Therefore, continued study of this critical family of
microRNA regulators is necessary to better understand how
microRNA function is regulated.

Data suggest that microRNA function is bolstered to compen-
sate for high translational output, thus maintaining a balance be-
tween protein synthesis and the ability of microRNAs to regulate
their targets. Importantly, individual microRNAs can act as
oncogenes or tumor suppressors (54), making the outcome of
translational upregulation of GW182, and thus microRNA
function, dependent on which microRNAs and which targets
are expressed in a given cell. Therefore, use of translation in-
hibitors to treat cancers with microRNA expression patterns
that favor tumor suppression could actually promote onco-
genic gene expression. It is therefore critical that we continue
to explore the oncogenic and tumor suppressor capabilities of
individual microRNAs and to determine how microRNAs in-
teract with one another to influence cell fate.
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