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Translational regulation plays a critical role in the control of cell
growth and proliferation. A key player in translational control is
eIF4E, the mRNA 5′ cap-binding protein. Aberrant expression of eIF4E
promotes tumorigenesis and has been implicated in cancer development and progression. The activity of eIF4E is dysregulated in cancer.
Regulation of eIF4E is partly achieved through phosphorylation. However, the physiological signiﬁcance of eIF4E phosphorylation in mammals is not clear. Here, we show that knock-in mice expressing a
nonphosphorylatable form of eIF4E are resistant to tumorigenesis in
a prostate cancer model. By using a genome-wide analysis of translated mRNAs, we show that the phosphorylation of eIF4E is required
for translational up-regulation of several proteins implicated in tumorigenesis. Accordingly, increased phospho-eIF4E levels correlate with
disease progression in patients with prostate cancer. Our ﬁndings
establish eIF4E phosphorylation as a critical event in tumorigenesis.
These ﬁndings raise the possibility that chemical compounds that
prevent the phosphorylation of eIF4E could act as anticancer drugs.
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berrations in the control of mRNA translation initiation have
been documented in many tumor types (1–4). Translation
initiation is controlled in part by eIF4E, the mRNA 5′ cap-binding
protein. eIF4E is a proto-oncogene, inasmuch as its overexpression
in immortalized rodent ﬁbroblasts or human epithelial cells causes
transformation (5, 6), and in mouse models its overexpression
engenders tumor formation (7, 8). eIF4E is phosphorylated by the
MNK1/2 serine/threonine kinases, which are activated in response
to mitogenic and stress signaling downstream of ERK1/2 and p38
MAP kinase, respectively (9, 10). eIF4E phosphorylation at serine
209 by MNK1/2 promotes its transformation activity (11, 12). To
study the role of eIF4E phosphorylation in tumorigenesis in the
whole organism, we generated a knock-in (KI) mouse in which
eIF4E serine 209 was mutated to alanine. Here, we show that mouse
embryonic ﬁbroblasts (MEFs) isolated from eIF4ES209A/S209A embryos display a marked resistance to oncogene-induced transformation. Furthermore, the mutant mice are viable, but are resistant to development of Pten loss–induced prostate cancer, and
this resistance is associated with a decrease in MMP3, CCL2,
VEGFC, and BIRC2 proteins. Moreover, eIF4E is highly phosphorylated in hormone-refractory prostate cancer, which correlates
with poor clinical outcome. These results demonstrate the importance of eIF4E phosphorylation in tumorigenesis and validate the
eIF4E phosphorylation pathway as a potential therapeutic target
for cancer.

Fig. S1. The eIF4ES209A/S209A mice (referred to as KI mice hereafter) showed no obvious phenotype. To determine whether S209
is the only phosphorylation site on eIF4E, orthophosphate labeling
of MEFs isolated from WT and KI littermate embryos was performed. Phosphorous 32–radiolabeled eIF4E was detected by immunoprecipitation in only WT MEFs (Fig. 1A). As expected, TPA
stimulation, which activates MNK (13), induced a twofold increase
in eIF4E phosphorylation (Fig. 1A). Thus, mutating S209 abrogates
eIF4E phosphorylation.
eIF4E-KI MEFs Are Resistant to RAS-Induced Transformation. RAS
is an upstream activator of MNK1 and MNK2 through ERK-1
and -2 (9, 10). Therefore, it was pertinent to determine whether
transformation by RAS is facilitated by eIF4E phosphorylation.
To this end, the two-oncogene transformation assay was performed with retroviruses expressing RASV12 (RAS containing
the activating mutation G12V) together with c-MYC or E1A.
Experiments were carried out in primary MEFs between passages
three and ﬁve. Strikingly, KI MEFs infected with a combination
of retroviruses expressing RASV12 and c-MYC formed approximately ﬁvefold fewer foci than WT MEFs (Fig. 1B). A similar
difference in transformation efﬁciency was observed when MEFs
were infected with retroviruses expressing the adenovirus E1A
together with RASV12 (Fig. 1B). WT and KI MEFs infected with
an empty retrovirus failed to form foci (Fig. 1B). Anchorageindependent growth of WT and KI MEFs transduced with activated RASV12 and c-MYC was determined by colony formation in
soft agar. The assay was performed with three different pairs of
MEFs, each isolated from embryos of a different pregnant mouse.
KI MEFs formed four- to 10-fold fewer colonies than WT MEFs
(Fig. 1C). These results demonstrate that eIF4E phosphorylation on serine 209 is required for efﬁcient transformation by RAS.
To further demonstrate the importance of eIF4E phosphorylation for cellular transformation, we performed transformation
assays using immortalized WT or MNK1/2 DKO MEFs and HAtagged eIF4E as the transforming oncogene. HA-tagged eIF4E
was expressed at similar levels in WT and MNK1/2 DKO MEFs,
and as expected no phosphorylation of endogenous or HA-tagged
eIF4E was detected by Western blotting in MNK1/2 DKO MEFs
(Fig. 1D). WT MEFs overexpressing HA-eIF4E formed foci after
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Results
Ser209 Is the Only Phosphorylation Site in eIF4E. To address the role

of eIF4E phosphorylation in tumorigenesis, a knock-in (KI) mouse
in which serine 209 was replaced by an alanine residue was generated. The strategy and targeting vector construction for the
generation, selection, and genotyping of the S209A mice is shown in
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10 d in culture. Strikingly, MNK1/2 DKO MEFs were completely
resistant to transformation by HA-eIF4E (Fig. 1E). These ﬁndings clearly demonstrate that eIF4E transforming activity is absolutely dependent on phosphorylation by the MNK1/2 kinases.
Abrogating eIF4E Phosphorylation Does Not Impair Cell Proliferation.

The resistance of KI MEFs to transformation could be explained
by an inherently reduced proliferative rate of KI MEFs compared with WT MEFs. To investigate this possibility, growth
curves using primary MEFs at passage three were performed. No
difference in growth between WT and KI MEFs over a 5-d period was detected (Fig. 1F). Primary MEFs are slow-growing
cells and consequently a small effect on growth could have been
missed. We therefore crossed the WT and the KI mice with p53null mice to generate immortalized WT and KI MEFs, which
grow faster than primary MEFs. Similar growth curves were
obtained for both WT and KI p53-null MEFs (Fig. 1G). Another
Furic et al.

possible explanation for the reduced transformation efﬁciency of
KI MEFs is that they are more susceptible to apoptosis. To
address this possibility, WT and KI primary MEFs were treated
with the apoptosis inducing ionophore ionomycin. Apoptotic
and necrotic cells were visualized by dual annexin V–propidium
iodide staining. No difference in the percentage of apoptotic and
necrotic cells was observed between WT and KI MEFs after
ionomycin treatment (Fig. 1H). In addition, there was no difference in cell cycle progression or apoptosis between WT and
KI cells transformed by c-MYC and RASV12 (Fig. S2 A–C).
These results indicate that the resistance of KI MEFs to Rasinduced transformation cannot be explained by decreased proliferation or increased cell death.
eIF4E Phosphorylation Is Regulated by Mammalian Target of Rapamycin
Complex 1 and Contributes to Transformation via the PI3K Pathway.

Another pathway that controls eIF4E activity is the PI3K pathway
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phorylation of 4E-BPs increases their binding to eIF4E, thus preventing eIF4E binding to eIF4G, on which MNK docks (18). We
investigated further the role of eIF4E phosphorylation control
downstream of mTORC1 by generating WT and KI MEFs in which
both alleles of PTEN were deleted via CRE-mediated recombination (15). MEFs were immortalized with SV40 largeT and subsequently infected with a CRE-expressing retrovirus to delete Pten.
Loss of PTEN in combination with SV40 large T expression caused
malignant transformation as determined by focus formation in
WT MEFs, whereas KI MEFs were resistant to transformation, as
only a few foci were detected (Fig. 1K). These results demonstrate
that eIF4E phosphorylation is involved in PTEN loss–driven cellular transformation.

via the phosphorylation of the suppressor 4E-BPs by mammalian
target of rapamycin complex 1 (mTORC1) (1, 14). The loss of the
tumor suppressor PTEN leads to AKT, and subsequent mTORC1
activation (15). To determine whether eIF4E phosphorylation is
impacted by mTORC1, we treated immortalized MEFs with two
active-site inhibitors of mTORC1, Torin1 (16) and PP242 (17).
Inhibition of the mTORC1 kinase was conﬁrmed by a decrease in
the phosphorylation of the small ribosomal subunit protein S6 (prpS6) and 4E-BP1 (Fig. 1I). Interestingly, eIF4E phosphorylation
was drastically diminished following mTORC1 inhibition (Fig. 1I).
To conﬁrm that the decrease in eIF4E phosphorylation was not a
result of nonspeciﬁc effects of the two inhibitors, we used shRNAmediated knockdown of RAPTOR as an alternative approach for
inhibiting mTORC1 activity in 293 cells. Consistent with the results
obtained with Torin1 and PP242, lowering the amount of RAPTOR
caused a marked decrease in eIF4E phosphorylation (Fig. 1J).
These results can be readily explained by the fact that dephos-
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Fig. 2. KI mice are resistant to Pten loss–induced prostate cancer. (A–I) Representative
H&E staining of sections from the anterior
(AP), ventral (VP), and DLP lobes of the
prostate of WT, WT/cPtenF/F, and KI/cPtenF/F
from 5- to 6-mo-old mice (no histological
difference was observed between WT and KI
mice without Cre; Fig. S3). (Scale bar: 100 μm.)
(J) Histograms represent percentage of predominant lesions in a cohort of seven WT/
cPtenF/F and seven KI/cPtenF/F. (K and L) Representative images of Ki67 staining of DLP
sections from WT/cPtenF/F and KI/cPtenF/F
mice (5–6 mo old). (Scale bar: 100 μm.) (M)
Slides were scanned with the Aperio Scanscope and nuclear staining was quantiﬁed
with the Image Scope software nuclear algorithm. At least 4,000 nuclei per mouse were
analyzed (n = 4 mice per group). Student t test
(two-tailed) was performed. (N–S) Ventral
prostate sections from WT, WT/cPtenF/F, and
KI/cPtenF/F mice were used for IHC with the
indicated antibodies. (Scale bar: 50 μm.)
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inhibiting Mnk1/2 kinases in two prostate cancer cell lines with
the inhibitor CGP57380 (30) led to a decrease in the amount of
VEGFC, BIRC2, and NFKBIA proteins (Fig. S5A). We also
examined the amount of MMP3 in DLP extracts isolated from KI/
cPtenF/F and WT/cPtenF/F mice. A fourfold decrease in MMP3
protein in the DLP of KI/cPtenF/F compared with WT/cPtenF/F
was detected, whereas the protein was barely detected in DLP
from WT mice (Fig. 3B). Considering that the KI mice develop
fewer PIN IV lesions, characterized by a loss of the ﬁbromuscular
layer around the prostatic ducts (20), as seen by staining for
smooth muscle actin (SMA; Fig. 3 C–E), MMP3 staining by immunohistochemistry (IHC) was performed. Consistent with the
Western blotting data, MMP3 staining intensity was weaker in the
prostate of KI/cPtenF/F compared with WT/cPtenF/F mice (Fig. 3
F–H). In addition, CCL2 staining in the prostate of KI/cPtenF/F
was weaker compared with WT/cPtenF/F mice (Fig. 3 I–K). These
results demonstrate that several mRNAs important for tumor
progression are differentially translated in WT versus KI MEFs.
Impairment in the remodeling of the extracellular matrix or differences in paracrine signaling could be possible explanations for
the resistance of KI mice to Pten loss–induced tumorigenesis.
eIF4E Phosphorylation Is Associated with High Gleason Score and
Strongly Correlates with MMP3 Expression in a Cohort of Patients
with Prostate Cancer. Next, we investigated the correlation be-
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tween eIF4E phosphorylation in human prostate cancer and
disease progression. A tissue microarray (TMA) constructed with
human prostate cancer (PCa) samples including patients presenting primary and hormone-refractory PCa (HR PCa) was used
(31, 32). Both eIF4E and phospho-eIF4E staining intensity in-

WT/cPten F/F

phorylation in tumor formation in vivo in a mouse model of
prostate cancer in which the tumor suppressor Pten is deleted in
the prostate epithelium (PtenFlox/Flox; PB-Cre4) (15). These mice
develop invasive carcinoma by 5 to 8 mo of age with complete
penetrance (15). KI mice were crossed with Pten-conditional KO
mice to generate eIF4E WT/PtenFlox/Flox/PB-Cre4 and eIF4E
KI/PtenFlox/Flox/PB-Cre4, hereafter referred to as WT/cPtenF/F
and KI/cPtenF/F, respectively. Seven mice of each genotype were
killed between the ages of 5 and 7 mo (Table S1). Cancerous
lesions, mainly prostatic intraepithelial neoplasia (PIN), were
graded from I to IV (Fig. S4 shows representative sections) (19,
20). Analysis of H&E-stained sections of all prostate lobes in 5- to
7-mo-old mice shows that KI/cPtenF/F mice had a lower incidence
of high grade PIN (represented by PIN IV lesions) than WT/
cPtenF/F mice (Fig. 2 A–I). There was a signiﬁcant difference in
the grade of lesions observed between WT/cPtenF/F and KI/
cPtenF/F mice (P = 0.038, Mann–Whitney U test). The distribution of the lesions in WT/cPtenF/F and KI/cPtenF/F is shown in
Fig. 2J. It is noteworthy that no inﬁltrating adenocarcinoma was
observed in KI/cPtenF/F. It is unlikely that the differences seen in
the severity of the lesions between WT/cPtenF/F and KI/cPtenF/F
are caused by a small delay in tumor appearance, as the median
age at sacriﬁce time was 25 wk for the KI/cPtenF/F compared with
20 wk for the WT/cPtenF/F mice (Table S1). The differences in the
severity of the lesions between the WT and KI groups were also
determined by the number of proliferative cells as detected by
Ki67 staining in the dorsolateral prostate (DLP) of mice from
each genotype (Fig. 2 K–L). DLP was chosen because it is histologically and functionally the most closely related to the peripheral zone of the human prostate (21), which is the region where
most prostate cancers occur in men (22, 23). There was a signiﬁcant decrease (P = 0.013) in the number of Ki67-positive nuclei
between WT/cPtenF/F (24.5 ± 6.6%) and KI/cPtenF/F (9.5 ± 1.1%)
mice (Fig. 2M). In addition, eIF4E was highly phosphorylated on
Ser209 in PIN IV lesions from WT/cPtenF/F mice (Fig. 2 N–P).
AKTSer473 phosphorylation was increased to the same extent in
WT/cPtenF/F and KI/cPtenF/F mice (Fig. 2 Q–S), suggesting that
differences in lesion grade are not caused by a weaker activation
of the PI3K pathway in the KI mice. Taken together, these results
demonstrate that eIF4E phosphorylation plays an important role
in Pten loss–induced tumorigenesis.
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eIF4E Phosphorylation Increases the Translation Efﬁciency of a Subset
of mRNAs Encoding Protumorigenic Factors. To study the molecular
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Fig. 3. Differential expression of selected proteins in prostate from WT
versus KI mice. (A) Serum starved WT and KI MEFs were serum-stimulated for
2 h and cell lysates were resolved by SDS/PAGE followed by Western blotting
with the indicated antibodies. (B) DLP extracts were resolved by SDS/PAGE
and Western blotting with the indicated antibodies was performed. (C–K)
Sections of the prostate from WT, WT/cPtenF/F, and KI/cPtenF/F mice were
used for IHC with the indicated antibodies. VP sections were used for detection of SMA and MMP3. CCL2 was detected in the anterior prostate.
(Scale bar: 50 μm.)
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basis that underlies the eIF4E-KI resistance to tumorigenesis
at the translational level, polysome proﬁling was performed on
WT and KI immortalized MEFs. The changes in distribution of
mRNAs along a sucrose density gradient between WT and KI
MEFs were studied using DNA oligonucleotide microarrays.
mRNAs in KI MEFs that shifted to lighter fractions relative to
WT MEFs in the density gradient, after correcting for total cytoplasmic mRNA levels, are expected to be translated less efﬁciently in KI MEFs. A list of 35 mRNAs that exhibited the most
pronounced shifts is shown in Table S2. Among these mRNAs
are the chemokines Ccl2 and Ccl7 that are implicated in tumor
progression. Targeting CCL2 with a neutralizing antibody caused
prostate tumor regression (24–26). The list also includes mRNAs
encoding the matrix metalloproteinases (MMPs) MMP3 and
MMP9, which are overexpressed in PC3 prostate cancer cells
(27), and promote invasion and metastasis by rearrangement of
the ECM (28, 29). Other mRNAs encode the inhibitor of apoptosis, baculoviral IAP repeat–containing protein 2 (BIRC2),
and the growth factor VEGFC. To determine whether the differences in polysome sedimentation between WT and KI MEFs
are reﬂected in changes in the abundance of protein, we examined VEGFC, BIRC2, MMP3, and nuclear factor of κ-light
polypeptide gene enhancer in B-cells inhibitor-α (NFKBIA; also
known as IκBα) proteins by Western blotting (Fig. 3A). A 1.7- to
4.8-fold reduction in the amount of these proteins was observed
in KI MEFs compared with WT MEFs, whereas the amount
of AKT, eIF4E, and β-actin remained unchanged. In addition,

-actin

creased gradually from normal to PIN, to hormone-sensitive
(HS), and further to HR PCa tumors (Fig. 4A shows representative staining). Increased phospho-eIF4E and total eIF4E
staining was signiﬁcantly associated with HR tumors (Fig. 4 B and
C). Statistical analysis of the association between phospho-eIF4E
staining and Gleason grading demonstrated that tumors presenting with a Gleason score greater than 7 displayed a statistically signiﬁcant increase in staining compared with tumors with
a Gleason score of 7 or lower (Fig. 4D). Thus, there is a strong
association between the degree of eIF4E phosphorylation and
progression of prostate cancer to its deadliest stage. To determine
whether MMP3 could also serve as a marker of prostate cancer
progression, we stained the same TMA for the presence of MMP3
(Fig. 4A shows representative staining). MMP3 expression was
signiﬁcantly higher in hormone-sensitive and HR tumors compared with PIN and normal tissue (Fig. 4E). Furthermore, analysis
using Spearman rank correlation demonstrated that MMP3 is
signiﬁcantly associated with phospho-eIF4E (ρ = 0.396) and
eIF4E (ρ = 0.524) in tumor tissues (Table S3). In addition, we
performed staining for p-ERK and p-AKT to examine the association between upstream signaling activity and eIF4E phosphorylation. As expected, eIF4E phosphorylation correlated with
p-ERK (ρ = 0.266) and p-AKT (ρ = 0.321). Strikingly, MMP3 was
not signiﬁcantly associated with p-ERK (ρ = 0.006) and p-AKT
(ρ = 0.110), suggesting a stronger association between p-eIF4E
and MMP3 than with upstream MAPK and PI3K signaling.
Discussion
We show that eIF4E phosphorylation promotes prostate tumor
development and progression in mice. mRNAs that are less well
translated in the absence of eIF4E phosphorylation include those
that encode for proteins involved in the remodeling of the ECM,
inhibition of apoptosis, and cellular growth and proliferation. The
decrease in MMP3 and the chemokine CCL2 is consistent with
the reduction in invasiveness observed in the KI mice prostate
tumors. eIF4E phosphorylation is strongly associated with high
Gleason score (>7) and HR prostate cancer in a patient cohort,
which predicts poor survival (33, 34). It is well established that
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Materials and Methods
IHC. IHC was performed using the Vectastain Elite ABC kit (Vector Laboratories) according to the manufacturer’s instructions. Antibodies were used at
the following dilutions: p-eIF4E 1:500 (Novus Biologicals), MMP3 1:250
(Abcam), CCL2 1:100 (Novus Biologicals), eIF4E 1:400 (CST), p-AKT S473 1:50
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eIF4E is overexpressed in many human tumors, including prostate
cancer (35), and this was also shown here by using TMAs of
patients with prostate cancer. However, an increase in the amount
of eIF4E is not sufﬁcient for transformation, as eIF4E must be
phosphorylated by MNKs. The Oncomine database (36) documents that MNK2 is overexpressed 1.5- to 4.4-fold in HR and
metastatic prostate tumors (37–39). Moreover, MNK activity promotes proliferation in prostate cancer cells (40). This is expected
to contribute to the increase in eIF4E phosphorylation seen in
tumors with high Gleason scores, considering that MNK2 constitutively phosphorylates eIF4E (41).
Previous work has demonstrated that eIF4E phosphorylation is
not required for translation under standard growth conditions (41).
However, many studies documented a positive correlation between
increased eIF4E phosphorylation and cell proliferation and enhanced translation (42, 43). Here, we identiﬁed mRNAs that are
preferentially responsive to eIF4E phosphorylation for maximal
translation. Future work will be needed to identify the mechanisms
that render the translation of these mRNAs more sensitive to
eIF4E phosphorylation. Several studies have demonstrated that
p-eIF4E binds with lower afﬁnity to the cap structure (44–46).
Although this ﬁnding is counterintuitive, it was proposed that the
decreased afﬁnity could stimulate translation by releasing eIF4E
from the cap, akin to the mechanism of promoter clearing during
transcription initiation (47).
In a preclinical mouse model of prostate cancer, inhibition of
mTOR and ERK signaling pathways using a combination therapy of rapamycin and PD0325901 impaired tumor growth (48).
We demonstrated that the phosphorylation of eIF4E is regulated
by these two signaling pathways; therefore, inhibition of eIF4E
phosphorylation as a treatment for cancer is a very intriguing
idea, considering that it does not have a conspicuous effect on
normal proliferation.
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Fig. 4. p-eIF4E correlates with progression to HR
PCa. eIF4E, phospho-eIF4E, and MMP3 were detected by IHC in human prostate cancer TMAs. The
intensity of staining was scored from 0 to 4 for each
core and data were analyzed as described in
Materials and Methods. (A) Representative images
of staining intensity obtained for eIF4E and p-eIF4E.
(Scale bar: 100 μm.) (B and C) eIF4E and phosphoeIF4E immunoreactivity shows a gradual increase in
intensity from the normal, normal adjacent, PIN, HS
tumor, and HR tumor tissues. Signiﬁcant statistical
differences were found between the different histopathological groups (P < 0.001, Kruskal-Wallis
test). (D) The mean intensity difference of phosphoeIF4E in cases with Gleason score greater than 7
compared with Gleason scores of 7 or lower is statistically signiﬁcant (P < 0.05, Mann–Whitney U
test). (E) MMP3 immunoreactivity is gradually increased in intensity from PIN to HS tumor and HR
tumor tissues. Signiﬁcant statistical differences exist
between the different histopathological groups
(P < 0.001, Kruskal-Wallis test).
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Western Blotting. Primary antibodies were used at the following dilutions: panAKT 1:1,000 (CST), p-AKT S473 1:1,000 (CST), eIF4E 1:1,000 (CST), NFKBIA 1:1,000
(CST), BIRC2 1:1,000 (Novus Biologicals), p-eIF4E 1:5,000 (Novus Biologicals),
MMP3 1:500 (Abcam), β-actin 1:10,000 (Sigma), VEGFC 1:250 (Abcam), RAPTOR
1:1,000 (CST), 4E-BP1 1:1,000 (CST), rpS6 1:5,000 (Santa Cruz Biotechnology), and
p-rpS6[240/244] 1:1,000 (CST).
Transformation Assays. c-Myc-, E1A-, RasV12-, SV40 largeT-, CRE-, and HAeIF4E–expressing retroviruses were generated by transfecting packaging
Phoenix cells with the following plasmids: pBabe-c-Myc, pBabe-HA-eIF4E,
pLpc-E1A/RasV12, pWzl-RasV12, pMSCV-CRE, and pSV40T (Myc-, E1A-, and
RasV12-expressing plasmids were gifts of Scott Lowe, Cold Spring Harbor
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SEE COMMENTARY

Laboratory, NY; pSV40T was a gift of Julian Downward, London Research
Institute, UK). MEFs were infected with retroviruses three times over a 48-h
period and pools of infected cells were selected by two rounds of selection
with puromycin for pBabe, hygromycin for pWzl, or G418 for pMSCV.

CELL BIOLOGY

(CST), and Ki67 1:2,000 (Novocastra). SMA detection was performed with the
Mouse-On-Mouse kit (Vector Laboratories) according to the manufacturer’s
instructions. SMA antibody (Dako) was used at 1:500.

