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Metformin has been reported to lower cancer incidence among type II
diabetics. Metformin exhibits antiproliferative and antineoplastic
effects associated with inhibition of mammalian target of rapamycin
complex 1 (mTORC1), but themechanisms are poorly understood.We
provide a unique genome-wide analysis of translational targets of
canonicalmTOR inhibitors (rapamycinandPP242) comparedwithmet-
formin, revealing thatmetformin controls geneexpressionat the level
of mRNA translation to an extent comparable to that of canonical
mTOR inhibitors. Importantly, metformin’s antiproliferative activity
can be explained by selective translational suppression of mRNAs
encoding cell-cycle regulators via the mTORC1/eukaryotic translation
initiation factor 4E-binding protein pathway. Thus, metformin selec-
tively inhibits translation of mRNAs encoding proteins that promote
neoplastic proliferation, which should facilitate studies on metformin
and related biguanides in cancer prevention and treatment.

polysome-microarray | posttranscriptional regulation | translatomics

The mechanistic/mammalian target of rapamycin complex 1
(mTORC1) is a key component of the PI3K/Akt anabolic path-

way, which is frequently up-regulated in cancer (1). Consequently,
there is heightened interest in developing therapeutic strategies to
target aberrant mTORC1 signaling in cancer patients (2). Rapa-
mycin, a naturally occurring allosteric inhibitor of mTORC1 and its
analogs (rapalogs), are used in the clinic to treat advanced renal cell
carcinoma, albeit with partial success (3). This partial success has
been explained by the inability of rapalogs to completely inhibit the
phosphorylation of a family of translational repressors, the eu-
karyotic translation initiation factor 4E (eIF4E)-binding proteins
(4E-BPs) (4–6). In contrast, newly developed mTOR inhibitors,
which target the active site of mTOR (asTORi; e.g., PP242) abolish
the phosphorylation of 4E-BPs and induce more potent anti-
proliferative and antitumorigenic effects than rapamycin (4–7).
A widely used biguanide antidiabetic drug, metformin, exhibits

antiproliferative properties, inhibits mTORC1, and is linked to
decreased incidence of cancer in diabetic patients (8–10). However,
the mechanisms underlying metformin’s antiproliferative and an-
ticancer activities are not known. Metformin activates AMP-kinase
(AMPK), most probably by interfering with mitochondrial re-
spiratory complex I (11, 12) and altering cellular energy balance (13,
14). AMPK down-regulates anabolic processes, including protein
synthesis, in large part via inhibition of the mTORC1 pathway (15–
17). It has also been suggested thatmetformin suppressesmTORC1
signaling independently of AMPK by inhibiting Rag GTPases or
activating REDD1 (18, 19). Herein, we compared quantitative and
qualitative effects of “classic” mTOR inhibitors and metformin on
mRNA translation. We show that the antiproliferative effect of
metformin, similarly to asTORi, is in part mediated by selective
suppression of translation of a subset ofmRNAs encoding cell-cycle
factors via the mTORC1/4E-BP pathway.

Results
Metformin Primarily Regulates Gene Expression at the Level of mRNA
Translation. mTORC1 stimulates cell growth and proliferation by
activating mRNA translation (20). The effects of metformin on
the translatome [genome-wide pool of translated mRNAs (21)]
and their functional consequences are, however, unknown. To
address this important question, we compared the impact of
metformin and established mTOR inhibitors (i.e., rapamycin and
PP242) on translation and steady-state mRNA levels by moni-
toring polysome-associated and total cytoplasmic mRNAs, re-
spectively. Because the comparison of effects of metformin and
mTOR inhibitors on gene expression in vivo is likely confounded
by pharmacokinetic factors, we investigated cell-autonomous
effects of the drugs in cells. MCF7 cells were used previously to
demonstrate that metformin reduces global protein synthesis and
cell proliferation via AMPK-dependent inhibition of mTORC1
signaling (15, 16). To rigorously compare the impact of metfor-
min, rapamycin, and PP242 on gene expression, we first de-
termined the concentration of each compound that inhibits
proliferation of MCF7 cells to 50% of vehicle-treated cells (ab-
solute IC50; aIC50) (Fig. 1A). Although PP242 or metformin
reduced proliferation >50% compared with control, rapamycin
reached a plateau (∼50%) where increase in its concentration
reduced proliferation only marginally. Next, we assessed the
effects of the drugs at aIC50 concentrations on mTORC1 sig-
naling by monitoring the phosphorylation of ribosomal protein
S6 kinases (S6Ks) and 4E-BP1. In agreement with previous
reports, rapamycin and PP242 inhibited mTORC1-dependent
phosphorylation of S6Ks to the same extent, whereas PP242
inhibited more the phosphorylation of 4E-BP1 (Fig. 1B) (4–7).
Metformin inhibited the phosphorylation of S6Ks to a similar
extent as rapamycin and PP242, but its effect on the phosphor-
ylation of 4E-BP1, on Thr-37/46, was intermediate between that
of rapamycin and PP242 (Fig. 1B, compare lanes 2, 3, and 4).
Thus, metformin inhibits phosphorylation of key residues on 4E-
BP1 more strongly than rapamycin. This finding can be explained
by the differences in the mechanisms of action of metformin
and rapamycin, whereby metformin inhibits mTORC1 via
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modulation of its upstream regulators but rapamycin acts as an
allosteric inhibitor (3, 8).
We next examined the impact of drug treatments on overall

mRNA translation by studying polysome formation. The number
of ribosomes engaged in polysomes is directly proportional to the
translation initiation rate (22). All drug treatments led to a re-
duction in the fraction of ribosomes that are engaged in poly-
somes compared with control (Fig. 1C). Taken together, these
findings demonstrate that the antiproliferative effects of met-
formin, rapamycin, and PP242 are paralleled by inhibition of
mTORC1 signaling and reduction in mRNA translation.
Strikingly, because none of the compounds led to a complete

dissociation of polysomes (Fig. 1C), a sizable number of mRNAs
must be translated in the presence of these agents. It is thus
highly likely that metformin, like PP242, exerts its anti-
proliferative effect by selectively impairing the translation of
a subset of mRNAs. We therefore studied the quantitative and
qualitative effects of each drug on the total cytoplasmic (alter-
ations in cytoplasmic mRNA levels reflect changes in transcrip-
tion, mRNA export, and stability) and polysome-associated
mRNAs on a genome-wide scale. MCF7 cells were treated with
aIC50 drug concentrations (Fig. 1A) for 12 h, thus allowing de-
termination of the early effect of the drugs on gene expression.
Total cytoplasmic mRNA and mRNAs associated with four or
more ribosomes (hereafter referred to as polysome-associated
mRNAs) from four biological replicates were isolated, and their
genome-wide expression profiles were determined using DNA-
microarrays.
First, we analyzed at which step the drugs affect gene expres-

sion by comparing levels of cytoplasmic or polysome-associated
mRNA between all conditions using ANOVA, incorporating
a variance shrinkage method to reduce false-positive rates [the
random variance model (RVM) (23)] and adjusting the P values

for multiple testing using the Benjamini and Hochberg’s false-
discovery rate (FDR) method. The drugs induced dramatic
changes in polysome-associated mRNAs (1,254 of 18,185 genes
changed with FDR < 0.001), but not in total cytoplasmic mRNA
levels (63 of 18,185 genes changed with FDR < 0.001). Ac-
cordingly, the distributions of FDRs differed significantly between
the analysis of total cytoplasmic and polysome-associated mRNAs,
as illustrated by the Kolmogorov–Smirnov (KS) test (P < 2.2e-16)
(Fig. 2A; histograms in Fig. S1A). To further establish the extent to
which the differences in polysome-associated mRNAs can be at-
tributed to differential translation of individual mRNAs, we used
the recently developed “anota” algorithm (24, 25). Anota specifi-
cally captures differences in translational activity of individual
mRNAs on a genome-wide scale by comparing polysome-associ-
ated mRNA levels to cytoplasmic mRNA levels. The density of
the obtained anota FDRs demonstrated substantial qualitative
and quantitative differences in the translational activity across the
conditions (Fig. 2A and Fig. S1A).
Next, we determined individual effects of drugs on the total

cytoplasmic versus polysome-associated mRNA. PP242 induced
a modest perturbation of cytoplasmic mRNA levels (15 mRNAs
with FDR < 0.01), whereas the effects of metformin or rapa-
mycin were minimal (0 genes with FDR < 0.01) (Fig. 2B and Fig.
S1B). In sharp contrast, all drugs altered the pools of polysome-
associated mRNAs (1,676, 177, and 5 mRNAs with an FDR <
0.01 for PP242, metformin, and rapamycin, respectively). Nota-
bly, PP242 induced a larger shift of the FDRs compared with
rapamycin and metformin (Fig. 2C and Fig. S1C) (KS P < 2.2e-
16 for both comparisons), whereas metformin was more potent
than rapamycin (KS P = 4.4e-16). Next, we deployed anota to
establish genome-wide effects of each drug on the translation of
individual mRNAs. PP242 treatment resulted in a shift of the
FDRs obtained from anota congruent with a stronger pertur-
bation of translational activity compared with metformin or
rapamycin (Fig. 2D and Fig. S1D) (KS P < 2.2e-16 for com-
parisons to both distributions), whereas the effects of metformin
were stronger than those of rapamycin (KS P < 2.2e-16). Thus, it
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Fig. 1. Antiproliferative effects of mTOR inhibitors and metformin correlate
with inhibition of mTORC1 signaling and mRNA translation. (A) MCF7 cells
were incubated with vehicle or increasing concentrations of metformin,
PP242, or rapamycin for 24 h. Proliferation was determined by BrdU in-
corporation and expressed as a percentage of the inhibition of BrdU in-
corporation relative to control (vehicle-treated cells). Results are presented as
mean values± SD (n = 4). Concentrations of rapamycin, PP242, andmetformin
that inhibit proliferation by ∼50% of the control were 100 nm, 1 μM, and 10
mM, respectively. (B) Western blot analysis of the levels and the phosphory-
lation status of indicated proteins in MCF7 cells treated with vehicle, rapa-
mycin (100 nM), PP242 (1 μM), andmetformin (10 mM) for 12 h. β-actin served
as a loading control. α, β, and γ indicate hypo-, intermediate-, and hyper-
phosphorylated forms of 4E-BP1. (C) Polysome profiles from cells treatedwith
vehicle, rapamycin (100 nM), PP242 (1 μM), and metformin (10 mM) for 12 h.
Absorbance at 254 nm is shown as a function of sedimentation and the 80S
monosome is indicated. The area under the curve for polysomes and the 80S
peak were calculated and the ratio is shown (mean ± SD from four experi-
ments; P values frompaired Student t tests are indicated: *P< 0.05, **P< 0.01)
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Fig. 2. mTOR inhibitors and metformin suppress gene expression at the
level of mRNA translation. (A) Kernel densities of adjusted P values (FDRs)
for all assessed genes from ANOVAs comparing all conditions using data
obtained from cytoplasmic or polysome-associated mRNA and from analysis
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is striking that metformin, which was not previously recognized
as a qualitative modulator of translation of specific mRNAs,
perturbs the translatome to an extent comparable to that of the
canonical mTOR inhibitors.

Effects of Metformin and mTOR Inhibitors on the Translatome
Partially Overlap. Because each drug induces substantial pertur-
bations in the translatome, it was pertinent to determine the
extent to which the effects of the drugs on the translatome
overlap. A total of 595 mRNAs were translationally suppressed
by at least one of the drugs with a fold-change >1.5 and FDR <
0.15 (using anota analysis). Instead of using list comparisons (i.e.,
comparing overlaps between lists of mRNAs that show differ-
ential translation under each condition), we compared trans-
lational activity across the different treatments. The advantage of
this approach is that mRNAs will not appear to be selectively
targeted by a single drug because of a small difference in vari-
ance. Therefore, the 595 mRNAs were subjected to k-means
clustering and each cluster was manually annotated according to
drug-specificity (Fig. S2). This analysis suggested that the three
drugs suppress both distinct and shared translational targets, as
summarized in a Venn diagram (Fig. 3A).
To validate these results we used nanostring, a targeted se-

quencing technology allowing parallel validation of multiple
mRNAs (26), on duplicate samples from each condition in
conjunction with anota analysis. We obtained quantitative data
for 34 of 45 mRNAs that were selected by random sampling for
representative mRNAs (see Materials and Methods) showing
specific drug-sensitivity patterns (Fig. 3A and Fig. S2) and vali-
dated 32 as translationally suppressed (anota FDR < 0.15).
Moreover, similar drug-sensitivity patterns that were identified

using DNA-microarrays (Fig. 3A) were observed by nanostring
(Fig. 3B). These results demonstrate that in addition to the
shared targets, metformin, rapamycin, and PP242 induce dispa-
rate alterations in the translatome. Moreover, the considerable
overlap of translational targets of metformin and PP242 strongly
suggests that metformin acts as an mTORC1-dependent modu-
lator of mRNA translation.

Metformin and mTOR Inhibitors Suppress Translation of a Specific
Subset of Functionally Related mRNAs. To determine the functional
consequences of the drug-induced perturbations in the trans-
latome, we grouped mRNAs whose translation was suppressed
based on the drug-specific regulation patterns shown in the Venn
diagram (Fig. 3A). We then searched for enrichment of mRNAs,
which encode proteins with shared biological function according
to annotations from the gene ontology (GO) consortium (27)
(Fig. S3). Transcripts encoding cell-cycle regulating proteins
were enriched [enriched categories define >5 mRNAs in the
Venn diagram group (Fig. 3A), and show a >twofold enrichment
compared with the background with an FDR < 0.05] in the pool
of mRNAs, which are translationally suppressed by all three
drugs (e.g., “cell cycle” showed a 3.4-fold enrichment). In addi-
tion, mRNAs implicated in cell-cycle control were also enriched
in the “PP242 and rapamycin” or “PP242 and metformin” groups
(e.g., the cell cycle category showed a 3.3- and 2.1-fold enrich-
ment, respectively). mRNAs that were translationally suppressed
by PP242, but not metformin or rapamycin, showed strong en-
richment for several additional cell cycle-related functions (e.g.,
“DNA strand elongation” showed a 27-fold enrichment), mito-
chondrial transport (9.8-fold enrichment), and mRNA trans-
lation (4.1-fold enrichment). In turn, mRNAs, the translation of
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which was inhibited by metformin, but not PP242 or rapamycin,
are enriched for those encoding proteins that are implicated in
RNA processing and noncoding RNA processing (2.4- and 4.2-
fold enrichment, respectively). Thus, metformin, rapamycin, and
PP242 suppress translation of limited subsets of functionally
related mRNAs that encode proteins involved in processes, such
as cell-cycle control, metabolism, mRNA translation, and RNA
processing.

Metformin Inhibits Proliferation by Downregulating Translation of
mRNAs Encoding Cell-Cycle Regulators via the mTORC1/4E-BP Pathway.
It is thought that suppression of the mTOR pathway inhibits cell
proliferation largely by attenuating cell-cycle progression (1, 28).
Consistent with this theory, mRNAs, the translation of which is
suppressed by all three drugs, include a sizable number of those
encoding cell cycle-related factors (11% of the targets) (Fig. 3C).
Surprisingly, inhibition of translation of some of the cell cycle-
regulating mRNAs was, however, specific for each drug (Fig. 3A
and Fig. S3). We therefore examined the effects of each drug on
the translation of mRNAs implicated in the cell cycle. In accor-
dance with the functional analysis, most of the mRNAs encoding
cell cycle-related factors were suppressed by PP242, some of
which overlapped with mRNAs whose translation was inhibited by
metformin or rapamycin (Fig. S4). To compare the magnitude of
the effects of each drug on mRNA translation, we evaluated
distributions of fold-changes (Fig. 3D). PP242 induced stronger
translational suppression of mRNAs encoding cell-cycle factors
compared with rapamycin and metformin (Fig. 3D) (KS P < 2.2e-
16 for comparisons to both distributions). Differences in the
magnitude of inhibition for a subset of mRNAs were, however,
observed (Fig. S4). For example, translation of cyclin E2 and
ODC1 mRNAs was strongly inhibited by PP242 and metformin,
but only marginally by rapamycin, whereas translation of cyclin E1
and cyclin D3 mRNAs was suppressed by PP242, but not by
rapamycin or metformin (Fig. 3E). Possible reasons for these
differences are addressed in the Discussion.
Translational efficiency of D- and E-type cyclins and ODC1

mRNAs is dictated by eIF4E activity (29). 4E-BPs bind to eIF4E
and inhibit eIF4E association with eIF4G, and consequently the
assembly of the eIF4F initiation complex and recruitment of
mRNA to the ribosome (30). When activated, mTORC1 phos-
phorylates and inactivates 4E-BPs (31, 32), thereby promoting
eIF4E activity, cell-cycle progression, and proliferation (20). We
therefore determined the role of 4E-BPs in mediating the effects
of metformin, rapamycin, and PP242 on translation of cyclin E1,
-E2, -D3, and ODC1 mRNAs in WT and 4E-BP1 and 4E-BP2
double knock-out (DKO) mouse embryonic fibroblasts (MEFs)
using quantitative RT-PCR (qRT-PCR). The use of 4E-BP DKO
MEFs provided a means to study the translational inhibition
caused by suppression of mTORC1 signaling to 4E-BPs, thus by-
passing off-target effects of the drugs and the multitude of po-
tential mediators of metformin’s actions on mTORC1 signaling
[e.g., AMPK, Rags, REDD1 (15, 16, 18, 19)]. Consistent with the
microarray data from MCF7 cells (Fig. 3E), PP242, but not
metformin or rapamycin, suppressed translation of cyclin D3 and
-E1 mRNAs in WT compared with 4E-BP DKO MEFs. In turn,
metformin and PP242, but not rapamycin, suppressed translation
of ODC1 and cyclin E2 mRNAs in WT compared with 4E-BP
DKO MEFs. Thus, akin to PP242, metformin inhibits mRNA
translation of cell cycle regulators via inhibition of mTORC1
signaling to 4E-BPs (Fig. 4 A and B).
To ascertain that inhibition of mRNA translation of cell-cycle

regulators by the drugs mirror their antiproliferative effects, we
treated WT and 4E-BP DKO MEFs with increasing drug con-
centrations for 48 h. PP242 induced the strongest inhibition of
proliferation of WT MEFs, whereas the effects of rapamycin
and metformin were comparable (Fig. 4C). As reported pre-
viously (5), 4E-BP DKO MEFs were less sensitive to the

antiproliferative effects of PP242 compared with WT MEFs,
whereas rapamycin inhibited proliferation of WT and 4E-BP
DKO MEFs to the same extent (Fig. 4C). Importantly, the
proliferation of 4E-BP DKO MEFs was partially resistant to
metformin compared with WT MEFs. Moreover, the sensitivity
of 4E-BP DKO MEFs to metformin was restored by expressing
4E-BP1 (Fig. 4D), and MCF7 cells in which 4E-BP1/2 were si-
lenced showed reduced sensitivity to metformin (Fig. 4E). These
results are in agreement with the findings that 4E-BP DKO
MEFs were relatively resistant to inhibition of translation of
cyclin E2 and ODC1 mRNAs by metformin compared with WT
MEFs (Fig. 4 A and B). Nonetheless, the resistance of 4E-BP
DKO MEFs to the antiproliferative activity of PP242 is stronger
than that observed for metformin treated cells. Indeed, metfor-
min inhibits the phosphorylation of 4E-BP1 (at Thr-37/46) to
a lesser extent than PP242 (Fig. 4F), and only suppresses trans-
lation of some of the tested mRNAs, which encode cell-cycle
regulators (e.g., ODC1 and cyclin E2 but not cyclin E1 or cyclin
D3) (Fig. 4 A and B). As we reported previously, rapamycin
inhibited proliferation of WT and 4E-BP DKO MEFs to a simi-
lar extent (5). This result has been explained by the finding that
rapamycin only weakly inhibited phosphorylation of 4E-BPs (at
Thr-37/46) (Fig. 4F), and failed to suppress translation of
mRNAs encoding key cell-cycle proteins, including cyclin D3,
-E1, -E2, and ODC1 (Fig. 4 A and B). In contrast to 4E-BPs, all
three drugs equipotently suppressed phosphorylation of ribo-
somal protein S6 (rpS6) and this effect was similar in WT and
4E-BP DKOMEFs (Fig. 4B). These results demonstrate that the
effects of metformin and PP242 on proliferation are mediated by
4E-BPs, but the effect of rapamycin is not. In addition, they show
that the biological effects of metformin are exerted via sup-
pression of translation of a subset of mRNAs in a 4E-BP–
dependent manner.

Discussion
Metformin suppresses cellular anabolism and thus proliferation
via multiple mechanisms, including activation of AMPK (33). Our
findings reveal a previously unrecognized role of metformin in
regulation of translation of a specific subset of functionally related
mRNAs, and demonstrate that its antiproliferative effects are in
large part a consequence of translational suppression of mRNAs
encoding cell-cycle functions via the mTORC1/4E-BP pathway.
As mRNA translation is the most energy-consuming process in
the cell (34), it is thought that under conditions of energy stress
induced by metformin, global mRNA translation is down-regu-
lated to conserve energy. However, our findings reveal that al-
though this occurs, metformin preferentially inhibits the trans-
lation of a unique subset of mRNAs. These mRNAs include those
encoding proliferation and tumor-promoting proteins, such as
cyclin E2 and ODC1. In contrast, translation of mRNAs encoding
other cell-cycle regulators (e.g., cyclin E1 and -D3), is suppressed
by PP242 but not by metformin. PP242 inhibits 4E-BP1 phos-
phorylation and thus reduces eIF4E availability more strongly
than metformin (Fig. 4F). eIF4E drives tumorigenesis by selec-
tively activating translation of a subset of tumor-promoting
mRNAs (including those encoding cyclins and ODC) commonly
referred to as “eIF4E-sensitive” (29). Our findings, that trans-
lation of cyclin E2 and ODC1 mRNAs is more sensitive to in-
hibition of 4E-BP1 phosphorylation than that of cyclin E1 and -D3
mRNAs, suggest previously unrecognized differences in the rel-
ative dependence on eIF4E availability among eIF4E-sensitive
mRNAs. Importantly, it is highly unlikely that these observations
are a result of off-target effects of the drugs or downstream
effectors of mTORC1 other than 4E-BPs (e.g., S6Ks), inasmuch
as metformin and PP242 failed to inhibit translation of cyclin E1,
-E2, -D3, and ODC1mRNAs in 4E-BP DKOMEFs (Fig. 4 A and
B). In addition, rapamycin, which inhibits phosphorylation of
S6Ks/rpS6—but not 4E-BP1—to an extent comparable to PP242
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and metformin, did not dramatically inhibit translation of the
aforementioned transcripts (Figs. 1B and 4B). Intriguingly, we
also observed that mRNAs encoding mitochondrial proteins are
enriched in the cohort of mRNAs suppressed by metformin.
Nevertheless, because metformin inhibits complex I in isolated
mitochondria (12), which synthesize only a limited number of
proteins, these effects do not appear to be necessary for metfor-
min’s primary effects on the mitochondria.
During the revision of this article, a study examining the

effects of rapamycin and PP242 on mRNA translation in PC3
cells was published (35). Although there is an overlap for
a number of PP242 mRNA targets [e.g., YBX1 (YB1)], there are
apparent differences between mRNAs identified to be PP242-
sensitive in the aforementioned and present study. These dis-
crepancies are likely a result of differences in methodology,
selected time points, and cell types used.

It is well established that up-regulated translation of pro-
liferation and tumor-promoting mRNAs critically contributes to
malignant transformation and tumor progression (36). Our find-
ings therefore reveal previously unrecognized aspects of the ac-
tion of metformin that may contribute to its antineoplastic activity
in experimental models (37). Moreover, the similarities and dif-
ferences between the effects of metformin and classic mTOR
inhibitors raise the possibility that biguanides may be well-toler-
ated alternatives to mTOR inhibitors currently in use. It is of
particular interest that our data were obtained using MCF-7 cells,
which model estrogen receptor positive breast cancer, a disease
wheremTOR inhibition has recently been shown to be effective in
a pivotal clinical trial (38). Our data also suggest that use of
metformin should be considered for cancer prevention in syn-
dromes involving hyperactivation of the mTORC1 pathway, such
as tuberous sclerosis and Cowden disease.
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Fig. 4. Rapamycin, PP242, and metformin differentially decrease translation in a 4E-BP–dependent manner. (A) qRT-PCR of polysome-associated and total
cytoplasmic mRNA in WT and 4E-BP DKO MEFs treated with drugs or vehicle for 12 h. Levels of cyclin E1, ODC1, cyclin E2, and cyclin D3 were assessed. β-actin
was used as a control. The ratio between polysome-associated mRNA and total cytoplasmic mRNA was normalized to vehicle treated cells. The results are
presented as mean values ± SD (n = 3). (B) Western blotting of whole-cell protein extract from WT and 4E-BP DKO MEFs treated with drugs or vehicle for 12 h.
eIF4E and β-actin were used as loading controls. (C) WT and 4E-BP DKO MEFs were incubated with vehicle (DMSO+PBS), or the indicated concentrations of
drugs for 48 h. Proliferation was determined by BrdU incorporation and expressed as a percentage of inhibition of BrdU incorporation relative to control
(vehicle-treated cells). Results are presented as mean values ± SD (n = 3). 4E-BP DKO MEFs expressing vector-control or 4E-BP1 (D) and MCF7 cells expressing
scrambled or 4E-BP1/2 shRNA (E) were incubated with vehicle (DMSO+PBS), or the indicated concentrations of metformin for 48 h. Proliferation was de-
termined by BrdU incorporation and expressed as a percentage of inhibition of BrdU incorporation relative to control (vehicle-treated cells). Results are
presented as mean values ± SD (n = 5). Shown is also Western blotting of whole-cell protein extracts (D and E: β-actin was used as a loading control). (F)
Protein quantification using densitometry for p-4E-BP1 (Thr-37/46) and total 4E-BP1. Shown are mean of ratios ± SD after normalization to vehicle (n = 3). KD,
knockdown; P values from two-tailed Student t tests are indicated: *P < 0.05, **P < 0.01, ***P < 0.001.
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Materials and Methods
Cell Culture, Cell Proliferation, and Western Blot Analysis. MCF7 cells were
obtained from ATCC and grown in RPMI (Invitrogen), supplemented with
10% (vol/vol) FBS (Invitrogen), 2 mM L-glutamine, and 100 units/mL peni-
cillin/streptomycin (all from Invitrogen) at 37 °C and 5% CO2. MCF7 cells with
silenced 4E-BP1/2 were generated by transducing MCF-7 cells with shRNA
for human 4E-BP1 (Sigma; TRCN0000040203) and human 4E-BP2 (Sigma;
TRCN0000117814). WT (p53−/−) and 4E-BP1/4E-BP2−/− (p53−/−) DKO MEFs and
4E-BP DKO MEFs expressing 4E-BP1 were described previously (5, 39). All
MEFs were maintained in DMEM (Invitrogen) supplemented with 10% (vol/
vol) FBS (Invitrogen), 2 mM L-glutamine, and 100 units/mL penicillin/strep-
tomycin (all from Invitrogen) at 37 °C and 5% CO2. Cells were seeded at
∼50% confluency, grown overnight, and treated using concentrations of
rapamycin (stock in DMSO), metformin (stock in PBS), and PP242 (stock in
DMSO) indicated in the text. As a control, cells were incubated in the
presence of the vehicle (DMSO+PBS). Cell proliferation assays and Western
blot conditions are described in SI Materials and Methods.

Polysome Analysis, RNA Isolation, Microarray, Nanostring Analysis, and qRT-
PCR. Polysome RNA preparations are described in the SI Materials and
Methods. Polysome fractions with mRNA associated with >3 ribosomes were
pooled (polysome-associated mRNA) and RNA was isolated using TRIzol. A
parallel sample was collected from the postnuclear lysates that were loaded
onto the sucrose gradient (cytoplasmic mRNA) and RNA was isolated using
TRIzol. For microarrays, 500 μg cytoplasmic or polysome-associated RNA (n =
4 from each condition) was used as starting material for the 3′ IVT Express
Kit (Affymetrix). The resulting labeled samples were probed with the Human
Genome U133 Plus 2.0 gene arrays from Affymetrix according the instruc-
tions of the manufacturer and scanned using the GeneArray Scanner 3000.
For NanoString, a codeset targeting 50 mRNAs was designed by the manu-
facturer. Next, 150 ng RNA was used as input for the NanoString nCounter

assay (n = 2 from each condition). Data were generated as previously de-
scribed (26). For RT-PCR, the RNA was treated with DNaseTurbo (Ambion)
according to the manufacturer’s instructions. qRT-PCR reactions were carried
out using SuperScript III First-Strand Synthesis System (Invitrogen) and iQ
SYBR Green Supermix (Bio-Rad) according to the manufacturer’s instruc-
tions. The list of primers is provided in Table S1.

Data Analysis. Formicroarray-data we used updated probe-set definitions (40,
41) and robust mutiarray averaging to normalize gene expression data.
Differential polysome or cytosolic mRNA levels were identified using the
RVM modified t test (23) and differential translation was identified using
anota (24, 25). For nanostring-data, differential translation was identified
using anota. Enriched biological processes as defined by the gene ontology
consortium (27) were identified using GO::Termfinder (42). For more details
on data analysis, see SI Materials and Methods. The data has been deposited
at the Gene Expression Omnibus (accession no. GSE36847). Genes that
showed differential translation are shown in Table S2.

Note Added in Proof. A relevant paper on the translational program of
mTORC1 was recently published by Thoreen et al. (2012) Nature 485:109–113.
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