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Cap-dependent translation is a potential cancer-related target (oncotarget) due to its critical role in cancer initiation
and progression. 4EGI-1, an inhibitor of eIF4E/eIF4G interaction, was discovered by screening chemical libraries of small
molecules. 4EGI-1 inhibits cap-dependent translation initiation by impairing the assembly of the eIF4E/eIF4G complex,
and therefore is a potential anti-cancer agent. Here, we report that 4EGI-1 also inhibits mTORC1 signaling independent
of its inhibitory role on cap-dependent translation initiation. The inhibition of mTORC1 signaling by 4EGI-1 activates Akt
due to both abrogation of the negative feedback loops from mTORC1 to PI3K and activation of mTORC2. We further
validated that mTORC2 activity is required for 4EGI-1-mediated Akt activation. The activated Akt counteracted the
anticancer effects of 4EGI-1. In support of this model, inhibition of Akt potentiates the antitumor activity of 4EGI-1 both
in vitro and in a xenograft mouse model in vivo. Our results suggest that a combination of 4EGI-1and Akt inhibitor is a
rational approach for the treatment of cancer.

Introduction

Cancer initiation and progression involves deregulation of
cap-dependent translation.1 Thus far, the best characterized
translation factors in cancer development are in the eIF4F cap-
binding initiation complex, which promotes cap-dependent
translation by facilitating the interaction between the 50 cap
mRNA and the 40S ribosome subunit.2 eIF4F promotes cancer
pathogenesis by enhancing the translation of a subset of mRNAs
such as cyclin D1, survivin, VEGF, and MMP9 that regulate cell
proliferation, survival, angiogenesis, and metastasis, respectively.3

The eIF4F complex consists of the 50 cap mRNA-binding protein
(eIF4E), an ATP-dependent RNA helicase (eIF4A), and a scaf-
folding protein (eIF4G).4 Assembly and activity of the eIF4F
complex depends mainly on the availability of eIF4E, which is
controlled by increased eIF4E expression or elevated phosphory-
lation of the 4EBPs. Increased eIF4E expression has been related
to progression of malignancy and low patient survival in multiple
human cancers, including lymphomas, and cancers in the breast,
colon, lung, prostate, and skin.5-9 Recent studies have also associ-
ated the elevated phosphorylation of 4EBP1 with disease

progression in ovarian, breast, and prostate cancers.8,10-12 In
addition, the oncogenic potential of eIF4E hyperactivity has
been well addressed both in vitro and in vivo.13-15 Together,
these reports indicate the potential of both eIF4E and the eIF4F
complex to be attractive therapeutic targets to treat human
cancers.

4EGI-1, an inhibitor of eIF4E/eIF4G interaction, was initially
discovered by screening chemical libraries of small molecules
using a high throughput fluorescence polarization (FP) assay.16

4EGI-1 interferes with the interaction of eIF4E with eIF4G, and
thereby impairs the recruitment of 40S ribosomal subunit to the
50 cap mRNA to inhibit cap-dependent translation initiation.
Treatment of cancer cells with 4EGI-1 reduces the expression of
eIF4F-regulated proteins such as cyclin D1, cyclin E, c-myc and
Bcl-2, but has little effect on the expression of housekeeping pro-
teins. In addition, 4EGI-1 has been shown to suppress growth
and induce apoptosis of many myeloma and lung cancer cells in
vitro and inhibit myeloma and breast cancer xenografts without
apparent toxicity in vivo.17-19 Other studies utilizing 4EGI-1 as
an inhibitor of cap-dependent translation have significantly con-
tributed to our understanding of the role of eIF4F complex in
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autism spectrum disorders, memory formation and consolidation
and viral infection.20-23

In this study, we investigated the effects of 4EGI-1 on PI3K/
Akt/mTORC1 signaling due to its critical role in the regulation
of cap-dependent translation initiation. We found that 4EGI-1
inhibits mTORC1 signaling and that this inhibitory role was
independent from the inhibition of cap-dependent translation
initiation. Surprisingly, we found that the inhibition of
mTORC1 signaling by 4EGI-1 did not potentiate the inhibitory
effect of 4EGI-1 on cell proliferation, but caused Akt activation
in PI3K and mTORC2 dependent manner. We further validated
that Akt activation by 4EGI-1 attenuates its antitumor activity
both in vitro and in a xenograft mouse model in vivo.

Results

4EGI-1 inhibits mTORC1 signaling independent from its
inhibition of cap-dependent protein translation

To evaluate the effects of 4EGI-1 on mTORC1 signaling, we
examined the activation states of p70S6K and 4E-BP1, 2 down-
stream effectors of mTORC1, after treatment with 4EGI-1. As
shown in Figure 1A and 1B, 4EGI-1 treatment significantly
decreased the phosphorylation of p70S6K (p-p70S6K-389) and
4EBP1 (p-4EBP1–37/46, p-4EBP1–65, and p-4EBP1–70), indi-
cating an inhibitory effect of 4EGI-1 on mTORC1 signaling.
Phosphorylation of p70S6K declined at 8 h and remained low
up to 24 h in both MCF7 and ZR-75–1 cells. Moreover, the
phosphorylation of p70S6K substrate, S6 (pS6–240/244 and
pS6–235/236), declined at 8 h followed by inhibition of S6K
phosphorylation in both MCF7 and ZR-75–1 cells, suggesting
that dephosphorylation of p70S6K in response to 4EGI-1 treat-
ment results in the inhibition of p70S6K kinase activity. In
MCF7 cells, the phosphorylation of 4EBP1 decreased at 12 h.
However, in ZR-75–1 cells the phosphorylation of 4EBP1
declined much earlier at 4 h.

The best characterized role of 4EGI-1 is its function as an
inhibitor of cap-dependent translation initiation. To investi-
gate whether the inhibitory effect of 4EGI-1 on cap-depen-
dent translation initiation leads to a decrease in mTORC1
signaling, we analyzed the effect of ribavirin, another inhibi-
tor of cap-dependent translation initiation, on the mTORC1
signaling. Ribavirin suppressed cap-dependent translation ini-
tiation by directly interfering with the interaction of eIF4E
and the 7-methylguanosine cap structure.24 Unlike 4EGI-1,
ribavirin had little effect on the phosphorylation of p70S6K,
S6, and 4EBP1 in both MCF7 and ZR-75–1 cells, revealing
that 4EGI-1 inhibits mTORC1 signaling independent from
its ability to inhibit cap-dependent protein translation
(Fig. 1C). To further confirm this result, we evaluated the
effect of eIF4E knockdown on mTORC1 signaling and
found that eIF4E knockdown did not inhibit the phosphory-
lation of p70S6K, S6, and 4EBP1 but moderately elevated it
(Fig. 1D). These results clearly indicate that 4EGI-1 inhibits
mTORC1 signaling independent from its inhibition of cap-
dependent protein translation.

Inhibition of 4EBP1 phosphorylation does not further
potentiate the inhibitory effect of 4EGI-1 on cell proliferation

Hypo-phosphorylated 4E-BP1 disrupts eIF4F complex for-
mation and inhibits cap-dependent translation by binding
competitively to EIF4E. Besides, it is known that when com-
pared to S6K1, 4E-BP1 plays a more determinant role in
mTORC1-mediated cell proliferation and cancer progres-
sion.25,26 The above results demonstrated that 4EGI-1 treat-
ment inhibits the phosphorylation of 4EBP1. We presumed
that the inhibition of 4EBP1 phosphorylation may further
enhance the inhibitory effect of 4EGI-1 on cell proliferation.
To test this hypothesis, we knocked down 4EBP1 expression
using 2 different siRNAs in both MCF7 and ZR-75–1 cells
(Fig. 2A and 2B) and compared the inhibitory effect of 4EGI-
1 on cell proliferation to control cells. Clearly, 4E-BP1 knock-
down did not restore the inhibitory effect of 4EGI-1 on cell
proliferation (Fig. 2C and 2D). These data show that the inhi-
bition of 4EBP1 phosphorylation does not further potentiate
its inhibitory effect on cell proliferation.

4EGI-1 increases Akt phosphorylation independent of its
inhibitory role in cap-dependent translation initiation

The negative feedback loop from mTOR and S6K1 to PI3K
and Akt has been well studied. A number of studies have
shown that rapamycin treatment leads to the hyperactivation
of Akt by inhibiting this negative feedback loop.27,28 Because
4EGI-1 can inhibit mTORC1 signaling, we determined
whether mTOR inhibition by 4EGI-1 could trigger Akt activa-
tion. For this, we performed a time course experiment and
found that 4EGI-1 treatment significantly increased the phos-
phorylation of Akt (p-Akt-308 and p-Akt-473) at 12 h fol-
lowed by inhibition of S6K phosphorylation in both MCF7
and ZR-75–1 cells (Fig. 3A and 3B).

The experiments performed thus far, showed that 4EGI-1
inhibits mTORC1 signaling independent of its ability to inhibit
cap-dependent protein translation. To further investigate
whether the enhanced effect of 4EGI-1 on Akt phosphorylation
depended on its inhibitory role on cap-dependent translation ini-
tiation, we compared the effect of 4EGI-1 and ribavirin on Akt.
4EGI-1 markedly increased the phosphorylation of Akt at 12
and 24 h after treatment (Fig. 3C). However, ribavirin had little
effect on Akt phosphorylation at both time points. To verify this
result, we analyzed the effect of eIF4E knockdown on Akt phos-
phorylation and found that the phosphorylation of Akt was not
enhanced by eIF4E knockdown (Fig. 3D). Together, these data
demonstrate that 4EGI-1 increases Akt phosphorylation inde-
pendent of its inhibitory role on cap-dependent translation
initiation.

4EGI-1-mediated Akt phosphorylation results from
mTORC1 inhibition and is PI3K and mTORC2 dependent

The above data have shown that 4EGI-1 suppresses
mTORC1 signaling and enhances Akt phosphorylation. To
investigate the relationship between these 2 effects (suppression
of mTORC1 signaling and induction of Akt phosphorylation),
we analyzed 4EGI-1-mediated Akt phosphorylation after specific
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inhibition of mTORC1
with RAD001. If
4EGI-1-mediated Akt
phosphorylation results
from the inhibition of
mTORC1, pretreat-
ment with RAD001
would abrogate 4EGI-
1-induced Akt phos-
phorylation. As shown
in Figure 4A, in both
MCF7 and ZR-75–1
cells, either 4EGI-1 or
RAD001 enhanced the
phosphorylation of Akt,
but 4EGI-1 failed to
further increase Akt
phosphorylation in the
presence of RAD001.
These results demon-
strate that the 2 effects are linked; inhibition of mTORC1 by
4EGI-1 leads to the induction of Akt phosphorylation.

Rapamycin has been reported to induce Akt phosphorylation
by inhibiting the negative feedback loop from mTOR and S6K1
to PI3K.29 We therefore hypothesized that 4EGI-1 induced Akt
phosphorylation in a similar fashion. To investigate this, we
determined the effect of LY294002, an inhibitor of PI3K kinase,
on 4EGI-1-mediated Akt phosphorylation. As shown in

Figure 4B, LY294002 completely inhibited 4EGI-1-induced Akt
phosphorylation in both MCF7 and ZR-75–1 cells, indicating
that PI3K kinase activity is required for Akt feedback activation
induced by 4EGI-1.

mTORC2 activity is required for the phosphorylation of
Akt Ser-473. We next investigated the role of mTORC2 in
4EGI-1-induced Akt phosphorylation. As shown in Figure 4C,
pretreatment of MCF7 and ZR-75–1 cells with PP242, an

Figure 1. 4 EGI-1 inhibits
mTORC1 signaling inde-
pendent from its inhibi-
tion of cap-dependent
protein translation. (A
and B) Breast cancer cell
lines MCF7 and ZR-75–1
were treated with DMSO
or 50mM 4EGI-1 and col-
lected at various time
points. Phosphorylation
status of downstream
mTORC1 effectors was
analyzed using protein
gel blot with indicated
antibodies. (C) Both
MCF7 and ZR-75–1 cells
were treated with
DMSO, 50 mM 4EGI-1 or
50 mM Ribavirin for vari-
ous times. Cell lysates
were analyzed by immu-
noblotting with indi-
cated antibodies. (D)
Control and EIF4E-
depleted MCF7 and ZR-
75–1 cells were grown in
5% FBS and collected to
perform western blot
analysis with indicated
antibodies.
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ATP-competitive mTOR kinase inhibitor, abrogated 4EGI-1-
mediated Akt phosphorylation. To further confirm the role of
mTORC2 in this process, we analyzed 4EGI-1-mediated Akt
phosphorylation after impairing mTORC2 complex by silencing
the expression of mTOR or Rictor. We found that the disruption
of mTORC2 complex prevented Akt feedback activation induced
by 4EGI-1 (Fig. 4D and 4F). Unexpectedly, we found that
knockdown of rictor minimally blocked Akt phosphorylation.
We speculate that the residual mTORC2 activity after rictor
depletion is sufficient for basal phosphorylation levels of Akt, but
is not enough to mediate Akt feedback activation induced by
4EGI-1.

Taken together, these data suggest that 4EGI-1-mediated Akt
feedback activation results from mTORC1 inhibition and is
PI3K and mTORC2 dependent.

4EGI-1-induced Akt feedback activation counteracts its
anticancer effects in vitro

Given that Akt is a key survival kinase, it is plausible that
4EGI-1-induced Akt phosphorylation may counteract its anti-
cancer effects. Therefore, we examined the effects of 4EGI-1
together with MK-2206, a clinically available pan Akt inhibitor,
on the growth of MCF7 cells. As shown in Figure 5A, the combi-
nation of 4EGI-1 and MK-2206 exhibited additive growth-

inhibitory effects of the cells when compared
to either agent alone, indicating that the
induction of Akt phosphorylation in tumors
treated with 4EGI-1 may attenuate its inhib-
itory effect on cell proliferation. We next
compared the effect of 4EGI-1 together with
MK-2206 on cyclin D1 expression (marker
of G1 arrest) and levels of cleaved PARP
(marker of apoptosis). As shown in
Figure 5A, the combination treatment sig-
nificantly suppressed the expression of
Cyclin D1 and greatly increased the levels of
cleaved PARP that in part could be responsi-
ble for the synergistic inhibitory effect of
4EGI-1 on cell proliferation.

The above studies demonstrated that the
induction of Akt phosphorylation by 4EGI-
1 is dependent on PI3K and mTORC2. To
further confirm that the induction of Akt
phosphorylation counteracts the anticancer
effects of 4EGI-1, we determined whether
inhibition of PI3K or mTORC2 activity
enhanced the anti-proliferative effect of
4EGI-1. As shown in Figure 5B and 5C,
4EGI-1 together with LY294002 or PP242
exhibited growth-inhibitory effects better
than each agent separately. Moreover, simi-
lar to MK-2206, both LY294002 and
PP242 markedly enhanced the inhibition of
Cyclin D1 expression and induction of
PARP cleavage in response to 4EGI-1 treat-
ment. We subsequently examined the effect

of silencing mTOR or Rictor expression on the anti-proliferative
effect of 4EGI-1. The results showed that mTOR or Rictor
depletion significantly enhanced the growth-inhibitory effects of
4EGI-1 on MCF7 cells (Fig. 5D). Such silencing of mTOR or
Rictor expression further reduced Cyclin D1 expression and
enhanced PARP cleavage induced by 4EGI-1 treatment, demon-
strating that mTORC2-mediated Akt activation in response to
4EGI-1 treatment counteracts the anticancer effects of 4EGI-1.

The combination index (CI) was calculated using the method
of Chou and Talalay.30,31 The CI values for combination treat-
ment of 4EGI-1 and MK2206 against MCF7 cells for 24, 36
and 48h were in Table 1. After 24 h incubation, the CI values
were less than 1 at any given concentration of 4EGI-1 combined
with 0.1 mM Mk2206. In addition, after 36 or 48 h incubation,
the CI values were also lower than 1 in 4EGI-1 combined with
0.1 mM MK2206 treatment, suggesting a synergistic effect in
4EGI-1 and MK2206 co-treatment.

Together, these results suggest that 4EGI-1-induced Akt
phosphorylation counteracts its anticancer effects.

Akt inhibition enhances the antitumor activity of 4EGI-1
in vivo

To explore whether the inhibition of reactivated Akt sensitized
tumors to 4EGI-1 inhibition, we determined the growth of

Figure 2. 4E-BP1 knockdown did not restore the inhibitory effect of 4EGI-1 on cell proliferation.
MCF7 (A) and ZR-75–1 (B) cells were transfected with control siRNA or 2 different 4EBP1 siRNAs.
After 72 h, the cells were collected and used for protein gel blot analysis. MCF7 (C) and ZR-75–1
(D) cells were transfected with control siRNA or 2 different 4EBP1 siRNAs. Twelve hours after
transfection, cells were seeded into 96-well plates and cultured for an additional 24 h and then
treated with DMSO or 4EGI for 48 h. After that, cell number was determined using the CCK8
assay and normalized to the corresponding control. The data presented are the mean from 3
independent experiments. N.S indicates that data between compared samples are not
significant.
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Figure 3. 4EGI-1 increases Akt phosphorylation independent from its inhibitory role on cap-dependent translation initiation. MCF7 (A) and ZR-75–1 (B)
cells were treated with DMSO (-) or 50 mM 4EGI-1 (C) for the indicated times followed by preparation of whole cell protein lysates. The indicated proteins
were detected using western blot analysis. Relative expression of pAKT(S473) and pAKT(T308) after the indicated times of treatment with 4EGI-1 was
quantified from 3 independent experiments as shown in (a). Columns, mean percentage of 3 independent experiments; bars, SD. *P < 0.05 (C) MCF7
and ZR-75–1 cells were treated with DMSO (-), 50 mM 4EGI-1 (C) or 50 mM Ribavirin (C) for the given times and then harvested to prepare whole cell pro-
tein lysates followed by protein gel blot analysis using indicated antibodies. Control and EIF4E-depleted MCF7 and ZR-75–1cells (D) were grown in 5%
FBS and harvested for the preparation of whole-cell protein lysates. Western blot analysis was performed with indicated antibodies.
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MCF7 xenografts after exposure to a combination of MK-2206
with 4EGI-1. When tumors reached approximately 100 mm3,
the mice were randomly allocated to 4 groups and treated with
vehicle control, 4EGI-1, MK-2206, or 4EGI-1 plus MK-2206
for 3 weeks. Consistent with the results from cell cultures, the
inhibition of MCF7 xenograft growth by 4EGI-1 and MK-2206
was significantly greater than either agent alone (Fig. 6A). During
the 3-week treatment period, the tumor weights in mice that
received the combination treatment were smaller compared to

the groups that received either vehicle or single-agent treatment
(Fig. 6C). There was no obvious difference in mouse body
weights among the groups during the 3-weeks (Fig. 6B), indicat-
ing that the treatment was well tolerated. We next investigated
whether the continuous 4EGI-1 treatment of MCF7 xenografts
also induced Akt phosphorylation as observed in cell cultures.
The results showed that 4EGI-1 treatment increased the phos-
phorylation of Akt in vivo andMK-2206 treatment inhibited the
phosphorylation of Akt induced by 4EGI-1 in vivo (Fig. 6D).

Figure 4. 4EGI-1-mediated Akt feedback activation results from mTORC1 inhibition and is PI3K and mTORC2 dependent. Both MCF7 and ZR-75–1 cells
were pretreated with 2 nM RAD001 (A), 5 mM LY294002 (B) or 0.25 mM PP242 (C) for 30–60 min, and then co-treated with 50 mM 4EGI-1. After 12 h, cell
lysates were collected and immunoblotted with indicated antibodies. Both MCF7 (D) and ZR-75–1 (E) cells were transfected with control, Rictor or mTOR
siRNA for 48 h and then treated with 50 mM 4EGI-1 for 12 h before harvesting cell lysates. The indicated proteins were detected by western blot analysis.
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These results clearly indicate that 4EGI-1-
induced Akt phosphorylation abrogates its
anticancer effects and that preventing Akt
feedback activation enhances the antitumor
activity of 4EGI-1 in vivo.

Discussion

eIF4F plays a critical role in the transfor-
mation to malignant status and maintenance
of transformed phenotypes. These processes
are affected by promoting the translation of
mRNAs implicated in all aspects of malig-
nancy including growth factors, anti-apo-
ptotic proteins, angiogenesis factors and
degrading enzymes. It is reported that eIF4F
function is enhanced by increased eIF4E
expression or 4EBP1 phosphorylation.
Hypo-phosphorylated 4EBP1 restricts the
abundance of the eIF4F complex by com-
peting with eIF4G to bind eIF4E. On the
other hand, mTORC1 increases the forma-
tion of the eIF4F complex by directly phosphorylating 4E-BP1
and promoting its dissociation from eIF4E.32 4EGI-1 has been
reported to inhibit cap-dependent translation by specifically
inhibiting the interaction of eIF4E and eIF4G. Given that both
4EGI-1 and mTORC1 are associated with the regulation of
eIF4F function, we investigated the effects of 4EGI-1 on
mTORC1 signaling. Our findings showed that 4EGI-1

effectively suppressed the phosphorylation of p70S6K, 4E-BP1
and S6 in both MCF7 and ZR-75–1 cells, indicating that 4EGI-
1 inhibits mTORC1 signaling. However, neither ribavirin nor
eIF4E knockdown decreased the phosphorylation of p70S6K,
4E-BP1 and S6, suggesting that 4EGI-1 modulates mTORC1
signaling independent of its ability to inhibit cap-dependent pro-
tein translation. Although our studies validate a link between

Figure 5. 4EGI-1-induced Akt feedback activa-
tion counteracts its anticancer effects in vitro.
Both MCF7 cells were seeded in 96-well plates.
On the second day, they were treated with
DMSO, 50 mM 4EGI-1, 0.1 mM MK2206 (A),
5 mM LY294002 (B) or 0.25 mM PP242 (C) indi-
vidually or in combination for 24, 36 or 48 h.
Cell proliferation was determined using the
CCK8 assay. Relative proliferation was expressed
as fold change vs. the corresponding control
(DMSO). All experiments were repeated 3 times.
*P < 0 .05, compared to the control. MCF7 cells
were treated with DMSO, 50 mM 4EGI-1, 0.1 mM
MK2206 (A), 5 mM LY294002 (B) or 0.25 mM
PP242 (C) individually or in combination for
12 h and harvested for protein gel blot analysis
using indicated antibodies. (D) Control, Rictor or
mTOR siRNA transfected MCF7 cells were
treated with DMSO or 50 mM 4EGI-1 for 24 and
48 h. Cell proliferation was measured by the
CCK8 assay and the cell number was normalized
to the corresponding control. The data pre-
sented are the mean from 3 independent
experiments. *P < 0.05, when compared to the
control. For western blot analysis, control, Rictor
or mTOR siRNA transfected MCF7 cells were
treated with DMSO or 50 mM 4EGI-1 for 12 h
and then harvested to prepare whole cell pro-
tein lysates.
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4EGI-1 and mTORC1 signaling, it is not clear how 4EGI-1
modulates mTORC1 signaling. Previous data has suggested that
ER stress could modulate mTORC1 signaling.33 Since 4EGI-1
has been reported to induce ER stress through “off-target”

mechanisms, we investigated whether mTORC1 signaling inhi-
bition could be due to an ER stress. However, in our experiments
the inhibition of mTORC1 signaling was not reversed by 4-PBA
treatment, which alleviates ER stress in both cell lines and animal

Table 1. CI Analyses of Combination in MCF7 Cells

24h 36h 48h

4EG-1(mM) Cell growth inhibition (%) CI Cell growth inhibition (%) CI Cell growth inhibition (%) CI

30 17.2 0.79 18.1 0.83 21.7 0384
40 24.4 0.66 41.3 0.75 61.6 0.81
50 57.9 0.53 69.9 0.71 77.8 0.77
60 76.8 0.67 88.4 0.88 92.3 0.90
70 93.9 0.72 96.2 0.89 97.5 0.97

*The combination index method is based on the theory described by Chou and Talalay and the computer software of Chou and Martin. (CI< 1 means syner-
gism, CI > 1 means antagonism while CI D 1 means additive.)

Figure 6. Akt inhibition enhances the antitumor activity of 4EGI-1 in vivo. Four groups of mice with MCF7 xenografts were treated with vehicle control,
4EGI-1 (50 mg/kg/day, intra-peritoneal injection) or MK2206 (100 mg/kg/two days, oral gavage) individually or in combination. Tumor growth (A) and
body weights of mice (C) were monitored over a 20-day period. (B) Tumor weight after necropsy. Data are presented as means § s.d. *P < 0.05, com-
pared to the vehicle control. #P < 0.05, compared to the 4EGI-1 treatment. (D) Tumor samples were analyzed by protein gel blot with indicated
antibodies.
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models (data not shown), indicating that 4EGI-1 inhibits
mTORC1 signaling independent of its function as an ER stress
inducer. Further studies are required to address the mechanisms
by which 4EGI-1 inhibits mTORC1 signaling.

Given that mTORC1 inhibition induces Akt activation by
releasing the feedback inhibition of receptor tyrosine kinase sig-
naling, we investigated whether 4EGI-1 mediated mTORC1
inhibition led to Akt activation and found that indeed 4EGI-
1induces Akt phosphorylation. Further, our studies showed that
4EGI-1 induces Akt phosphorylation independent of its inhibi-
tory role on cap-dependent translation initiation. To validate
whether 4EGI-1- induced Akt phosphorylation is due to its
inhibitory role on mTORC1 signaling, we examined 4EGI-1-
induced Akt phosphorylation in the presence of an mTORC1
inhibitor and found that inhibition of mTORC1 by RAD001
suppressed 4EGI-1-induced Akt phosphorylation, demonstrating
that 4EGI-1-mediated mTORC1 inhibition contributes to the
induction of Akt activity. Not surprisingly, our next result
showed that 4EGI-1-induced Akt phosphorylation depends on
the activity of PI3K and mTORC2, which are both required for
Akt Ser-473 phosphorylation. Indeed, the finding that 4EGI-1
induces Akt phosphorylation by releasing the mTOR-PI3K/Akt
feedback loop is consistent with the enhancement of Akt activity
by rapamycin.34 Recently, multiple mechanisms have been
reported to mediate rapamycin-induced feedback activation of
PI3K/Akt; by enhancing the expression of the insulin receptor,
IGF-1R, and their substrates, IRS-1 and IRS-2, which are down-
regulated by mTORC1 activation,35-37 by inducing the expres-
sion of EGFR, HER2 and HER338,39 and by blocking PDGFb-
dependent feedback loop.40 It is also reported that mTORC1
mediated phosphorylation stabilizes Grb10, leading to feedback
inhibition of PI3K/Akt activation.41,42 It is possible that 4EGI-1
induces Akt phosphorylation by one of above mentioned mecha-
nisms similar to rapamycin. However, the precise mechanism is
still unclear and further studies are required to elucidate this.

Akt activation is frequently associated with cancer cell prolif-
eration and survival and PI3K/Akt pathway activation contrib-
utes to cancer cell drug resistance.43-45 Given that 4EGI-1
treatment induced the feedback activation of Akt, we speculated
that preventing the activation of Akt may enhance the antitumor
effect of 4EGI-1. Indeed, as expected, our results showed that
MK2206 in combination with 4EGI-1 had a synergistic effect on
the inhibition of breast cancer cell proliferation. As mTOR path-
way is involved in Cyclin D1 accumulation,46 we further investi-
gated the effect of 4EGI-1 and MK2206 combination on Cyclin
D1 expression and found that the combination of 4EGI-1 and
MK2206 enhanced the inhibition of Cyclin D1 expression and
induction of cleaved PARP, indicating that the induced Akt acti-
vation by 4EGI-1 may counteract its anticancer efficacy by acti-
vating pathways that attenuate its effects on proliferation and
apoptosis. The results also demonstrate that LY294002 or PP242
combined with 4EGI-1 exhibit additive inhibition of cell growth
when compared to the effects of each single agent alone, thus
confirming the hypothesis that the feedback activation of Akt
antagonizes the antitumor effect of 4EGI-1. We next investigated
the synergistic anticancer effect of 4EGI-1 and MK2206

combination in xenograft models of human breast cancers. Com-
pared to the effect exerted by each compound separately, the
effects of administering the combination showed significantly
stronger inhibition of tumor growth in vivo. In addition, the
combination treatment did not significantly affect the mice
weight, indicating that the combination is well tolerated.
Although our results demonstrate that 4EGI-1-induced Akt acti-
vation compromises its antitumor activity, the mechanism under-
lying the negative regulation of 4EGI-1 efficacies by Akt feedback
activation is still unclear and need further investigation.

Material and Methods

Chemicals and reagents
4EGI-1 and LY294002 was provided by Calbiochem (Shang-

hai, China) and Cell Signaling Technology (Danvers, MA),
respectively. RAD001, PP242 and MK-2206 were obtained
from selleckchem.com (Shanghai, China). Antibodies against,
P70S6K, pP70S6K(T389), S6, pS6 (S240/244), pS6 (S235/
236), 4EBP-1, p4EBP-1 (T37/46), p4EBP-1 (S65), AKT, pAKT
(S473), pAKT (T308), CyclinD1, PARP and cleaved PARP
were purchased from Cell Signaling Technology. Antibodies
against Tubulin were purchased from Santa Cruz biotechnology
(Santa Cruz, CA).

Cell culture
MCF7 and ZR-75–1 breast cancer cells were cultured in

Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS,
Hyclone, Logan, UT, USA). All treatments with 4EGI-1 were
done in DMEM containing 5% FBS. Cells were cultured in an
incubator at 37�C and 5% CO2.

To decrease the expression of EIF4E, MCF7 and ZR-75–1
cells were infected with appropriate amounts of lentiviral par-
ticles carrying EIF4E shRNA or control shRNA (lentivirus
obtained from GeneChem Co., Shanghai, China) with 5–10 ug/
ml polybrene. Twelve hours later, virus-containing medium was
refreshed with fresh medium. After additional 48 h, stable
EIF4E knockdown cells were selected in 1 ug/ml puromycin and
pooled clones were used for further experiments.

Western blot analysis
Western blot analysis was performed as described previ-

ously.47 Briefly, 20–100 ug of protein were resolved by 10%
SDS-PAGE gel after measuring protein concentration using the
BCA protein reagent (Pierce Chemical, Rockford, IL, USA) and
then transferred to nitrocellulose membranes. The membranes
were blocked with 5% nonfat milk for 2 h at room temperature
and then incubated with primary antibodies overnight at 4�C,
followed by incubation with HRP-conjugated anti-rabbit/
mouse/goat IgG for 2 h at room temperature. Detection was per-
formed using enhanced chemiluminescence (ECL) detection
reagent.
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siRNA and transient transfections
siRNA for 4EBP1 (HSS141934 and HSS141936), Rictor

(HSS153834), and mTOR (HSS103827) were purchased from
Invitrogen. MCF7 and ZR-75–1 breast cancer cells were trans-
fected with 4EBP1, Rictor, or mTOR siRNA or negative control
using LipofectamineTM 2000 (Invitrogen) according to the
manufacturer’s instructions. For western blot analysis, 48 h after
transfection, the cells were treated with DMSO and 4EGI for 1–
24 h and then lysed. For CCK-8 assay, 12 h after transfection,
cells were seeded into 96-well plates and cultured for an addi-
tional 24 h and then treated with DMSO or 4EGI for 24–48h.

CCK-8 assay
Cells were seeded in 96-well plates at a density of 1500 cells

per well and cultured in DMEM containing 5% FBS. Once
attached, the cells were treated with the agents indicated and cul-
tured for the indicated times. After indicated treatment(s), cell
proliferation was determined with the Cell Counting Kit-8
(CCK-8) (Dojindo Laboratories, Tokyo, Japan) assay according
to the manufacturer’s instructions. The absorbance of individual
wells was determined at 450 nm. The OD value of the treatment
group was normalized to the values from the untreated control
group. All reactions were repeated 3 times. Data are presented as
means § s.d.

Chou-Talalay analyses
The synergistic effect of MK2206 with 4EGI-1 was examined

usingmedian effect method as established by Chou and Tala-
lay.30,31 The combination index (CI) values reflect the ways of
interaction between 2 drugs. The CI < 1 indicates a synergy, CI
D 1indicates an additive effect, and CI > 1 indicates antagonism.
The mean values of 3 independent experiments were used. The
combination index analysis was carried on CompuSyn software.

Breast cancer xenografts and treatments
Five- to 6-week-old female BALB/c nude mice were obtained

from Vital River Laboratory (Beijing, China) and implanted

with estrogen pellets (E2, 0.36 mg/pellet, 60-day release) (Inno-
vative Research of America, Sarasota, FL, USA). Two days after
implantation, 1 £ 107 MCF7 cells in serum-free medium were
injected into the abdominal mammary fat pad of nude mice.
When tumors reached an approximate size of 100 mm3, the
mice were randomly allocated to 4 groups (n D 6/group) accord-
ing to body weights and tumor volumes for the following treat-
ments: vehicle control, 4EGI-1 (50 mg/kg/day, intra-peritoneal
injection), MK2206 (100 mg/kg/2 days, oral gavage), and the
combination of 4EGI-1 C MK2206. The tumor volumes and
body weights of mice were monitored every 2 d Three weeks after
initiation of the treatment, all mice were sacrificed and the
tumors were weighed. Xenograft primary tumors were harvested
and proteins were extracted for western Blot analysis. Data are
presented as means § s.d.

Statistical analysis
Statistical calculations were performed using SPSS 13.0.

The data in this study were presented as means § standard
deviation (sd). Student’s t test and x2 test were used when
appropriated. P < 0.05 was judged to be statistically
significant.
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