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Tumor suppressor Pdcd4attenuates Sin1 translation to inhibit
invasion in colon carcinoma
Qing Wang1, Jiang Zhu2, Ya-Wen Wang2, Yong Dai3, Yanlei Wang3, Chi Wang4,5, Jinpeng
Liu5, Alyson Baker6, Nancy H. Colburn6, and Hsin-Sheng Yang1,5
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University, Jinan, Shandong, China. 4Department of Biostatistics, College of Public Health,
University of Kentucky, Lexington, Kentucky. 5Markey Cancer Center, College of Medicine,
University of Kentucky, Lexington, Kentucky. 6Laboratory of Cancer Prevention, Center for Cancer
Research, National Cancer Institute, Frederick, Maryland.

Abstract
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Programmed cell death 4 (Pdcd4), a tumor invasion suppressor, is frequently down-regulated in
colorectal cancer and other cancers. In this study, we find that loss of Pdcd4 increases the activity
of mammalian target of rapamycin complex 2 (mTORC2) and thereby upregulates Snail
expression. Examining the components of mTORC2 showed that Pdcd4 knockdown increased the
protein but not mRNA level of stress-activated-protein kinase interacting protein 1 (Sin1), which
resulted from enhanced Sin1 translation. To understand how Pdcd4 regulates Sin1 translation, the
SIN1 5’ untranslated region (5’UTR) was fused with luciferase reporter and named as 5’Sin1-Luc.
Pdcd4 knockdown/knockout significantly increased the translation of 5’Sin1-Luc but not the
control luciferase without the SIN1 5’UTR, suggesting that Sin1 5’UTR is necessary for Pdcd4 to
inhibit Sin1 translation. Ectopic expression of wild type Pdcd4 and Pdcd4(157–469), a deletion
mutant that binds to translation initiation factor 4A (eIF4A), sufficiently inhibited Sin1 translation,
and thus suppressed mTORC2 kinase activity and invasion in colon tumor cells. By contrast,
Pdcd4(157–469)(D253A,D418A), a mutant that does not bind to eIF4A, failed to inhibit Sin1
translation, and consequently failed to repress mTORC2 activity and invasion. In addition, directly
inhibiting eIF4A with silvestrol significantly suppressed Sin1 translation and attenuated invasion.
These results indicate that Pdcd4-inhibited Sin1 translation is through suppressing eIF4A, and
functionally important for suppression of mTORC2 activity and invasion. Moreover, in colorectal
cancer tissues, the Sin1 protein but not mRNA was significantly up-regulated while Pdcd4 protein
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was down-regulated, suggesting that loss of Pdcd4 might correlate with Sin1 protein level but not
mRNA level in colorectal cancer patients. Taken together, our work reveals a novel mechanism by
which Pdcd4 inhibits Sin1 translation to attenuatemTORC2 activity and thereby suppresses
invasion.
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Pdcd4; Sin1; eIF4A; Akt; mTORC2; invasion

INTRODUCTION
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Programmed cell death 4 (Pdcd4) is a tumor suppressor, whose expression decreases in
many types of cancers including colorectal cancer.1 Over-expression of Pdcd4 has been
shown to inhibit cell proliferation,2 while Pdcd4 knockdown promotes cell proliferation,3
suggesting an inhibitory role of Pdcd4 in regulating cell proliferation. Besides suppressing
proliferation, several studies also demonstrated that Pdcd4 is a regulator of tumor invasion
and metastasis. For instance, over-expression of PDCD4 cDNA attenuates invasion in colon
and breast cancer cells.4–6 Conversely, Pdcd4 knockdown promotes invasion.7–9 Consistent
with these in vitro findings, knockdown of Pdcd4 expression in colon tumor cells stimulates
metastasis to lymph node and liver in nude mice,10 and knockout of Pdcd4 in mice induces
lymphomas with frequent metastasis.11 We previously reported that Pdcd4 knockdown
results in inhibition of E-cadherin expression and thereby activation of β-catenin and AP-1
dependent transcriptions.7, 12 Suppression of E-cadherin expression in Pdcd4 knockdown
cells is due to the stimulation of Snail expression since knockdown of Snail expression in
Pdcd4 knockdown cells restored the expression of E-cadherin.7 However, how Snail
expression is regulated by Pdcd4 remains unknown.

Author Manuscript

Pdcd4 also functions as a protein translation inhibitor. Biochemical and crystal structural
analyses demonstrated that Pdcd4 binds with translation initiation factor 4A (eIF4A) and
inhibits its helicase activity.13–15 The function of eIF4A, an ATP-dependent RNA helicase,
is believed to unwind the mRNAs with secondary structure at 5’ untranslated region
(5’UTR) at the stage of translation initiation.16 Since Pdcd4 inhibits eIF4A’s helicase
activity, Pdcd4 is anticipated to preferentially suppress translation of mRNAs with
secondary structure at 5’UTR. Indeed, by fusing a synthetic stem-loop structure at 5’UTR of
luciferase, we demonstrated that Pdcd4 suppresses translation of this stem-loop structured
luciferase greater than the one without it. Although Pdcd4 functions as an inhibitor for
invasion and protein translation, the mechanism by which Pdcd4 inhibits translation to
control tumor invasion is still unknown, and the Pdcd4 translational targets involved in
tumor invasion have not been identified yet.
We and others have found that over-expression of PDCD4 cDNA inhibits phosphorylation of
Akt at Ser473 while Pdcd4 knockdown activates Akt kinase activity and increases
phosphorylation of Ser473,3, 17, 18 suggesting that Pdcd4 regulates Akt activity. Akt is
frequently activated in many types of human cancers, which mediates numerous cellular
functions including invasion and metastasis.19 The Akt activity is mainly regulated by 3-
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phosphoinositide-dependent kinase 1 (PDK1) and mammalian target of rapamycin (mTOR)
complex 2 (mTORC2). Phosphorylation of Thr308 by PDK1 increases Akt kinase activity,
but the maximal activity requires phosphorylation of Ser473 by mTORC2.20 mTOR
associates with different subunits to form two distinct complexes, mTORC1 (mTOR
complex 1) and mTORC2. mTORC1, which is rapamycin sensitive, enhances cell growth
and proliferation.21 In contrast, mTORC2 is rapamycin insensitive and its biological
functions remain understudied. mTORC2 is comprised of mTOR, rapamycin-insensitive
companion of mTOR (Rictor), G protein beta subunit-like (GβL), stress-activated-protein
kinase interacting protein 1 (Sin1), Protor-1, and Deptor.22 Recent studies suggest that
mTORC2 is a critical regulator for cell motility, invasion, and metastasis. For instance,
suppression of mTORC2 activity by knockdown of Rictor, attenuates colon tumor cell
proliferation and invasion/metastasis in cultured cells as well as in nude mice,23, 24 while
overexpression of Rictor elevates mTORC2 activity resulting in increased cell motility.25
Sin1 is known as a unique component of mTORC2, and thought to stabilize the mTORC2
complex by preventing it from undergoing lysosomal degradation.26 In addition,
phosphorylation of Sin1 at Thr86 and Thr398 by S6K disrupts the binding between Sin1 and
other mTORC2 components, resulting in decreased mTORC2 activity.27
Immunohsitochemical staining also showed that Sin1 is up-regulated in the thyroid
carcinomas and hepatocellular carcinoma.28, 29 Xu et al. demonstrate that depletion of Sin1
expression reduces migration and invasion in hepatocellular carcinoma cells.29 However,
little is known about the regulation of mTORC2 activity.

Author Manuscript
Author Manuscript

In this study, we identify that Sin1 is translationally regulated by Pdcd4 through eIF4A in
colorectal cancer cells. We also demonstrate that Pdcd4-inhibited Sin1 translation results in
suppression of mTORC2-Akt-Snail axis and thereby attenuation of colon tumor cell
invasion. Manipulating eIF4A activity with pharmacological agent silvestrol also effectively
inhibits Sin1 translation and tumor cell invasion. These findings suggest a novel mechanism
of regulating invasion by Pdcd4 in colon tumor cells and provide a new direction for altering
mTORC2 activity.

RESULTS
Loss of Pdcd4 activates mTORC2-Akt axis and enhances Snail expression

Author Manuscript

Previously, we demonstrated that Pdcd4 knockdown in colon carcinoma activates Akt kinase
activity and concomitantly increases Snail expression to suppress E-cadherin expression and
thereby promotes tumor invasion.3, 8, 12 To find out whether reduction of Pdcd4 expression
in non-cancerous cells also activates Akt, we isolated the mouse embryonic fibroblast (MEF)
cells from the embryos of wild-type and Pdcd4 knockout mice.30 The morphology of Pdcd4
null MEF (Pdcd4−/−) cells appeared slightly longer and thinner comparing to the wild-type
MEF (Pdcd4+/+) cells (Figure 1a), suggesting that Pdcd4 knockout triggered cytoskeleton
rearrangement and might increase the cell motility. In agreement with the observation that
Pdcd4 knockdown stimulates proliferation, the Pdcd4−/− MEF cells exhibited faster
proliferation than Pdcd4+/+ MEF cells (Figure 1b). As expected, the phosphorylation of Akt
at Ser473 was dramatically increased in Pdcd4−/− MEF cells as seen in Pdcd4 knockdown
cells (HT29-P, HT29 cells expressing PDCD4 shRNA8) (Figure 1c). These findings suggest
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that loss of Pdcd4 expression activates Akt. Next, we tested whether the Akt activation
induced by Pdcd4 knockdown affected Snail expression. Akt has 3 isoforms, among which
Akt1 and Akt2 are expressed in most tissues while Akt3 expression is restricted in brain and
testis.31 Hence, we took Pdcd4 knockdown cells (HT29-P) and knocked down Akt1 and
Akt2. Both significantly reduced Snail protein level, and consequently, upregulated its target
E-cadherin (Figure 1d), suggesting that Pdcd4 knockdown activates Akt to increase Snail
expression. In line with these results, activation of Akt by Pdcd4 knockdown or knockout
also increased Snail expression (Figure 1c). It is known that mTORC2 can phosphorylate
Akt at Ser473 to activate Akt.20 We, therefore, tested whether Pdcd4 knockdown activates
mTORC2 kinase activity. As shown in Figure 1d, the mTORC2 kinase activity was
approximately 3.5-fold higher in HT29-P cells than that in control cells (HT29-L, HT29
cells expressing lacZ shRNA8), and in Pdcd4−/− MEF cells compared to wild type Pdcd4+/+
MEF cells (Figure 1e). These results indicate that loss of Pdcd4 enhances mTORC2-Akt
axis, leading to the increased Snail expression.
Knockdown of Pdcd4 stimulates Sin1 translation

Author Manuscript
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To explore the mechanism by which Pdcd4 affects mTORC2 activity, we examined the
expression levels of individual components in mTORC2. The Sin1 protein in HT29-P cells
was approximately 2.9-fold of that in HT29-L cells, while the protein levels of mTOR,
Rictor, and GβL were alike in HT29-L and HT29-P cells (Figure 2a). Similar results were
observed in Pdcd4−/− MEF cells in which Sin1 protein increased (Supplementary Figure S1).
However, Pdcd4 knockdown did not affect either SIN1 mRNA level (Figure 2b) or Sin1
protein stability (Figure 2c). In agreement with these results, over-expression of PDCD4
cDNA in HCT116 and RKO cells decreased the protein level of Sin1 but not mTOR, Rictor,
and GβL (Figure2d). These findings suggest that Pdcd4’s inhibition on Sin1 occurs at the
posttranscriptional level and does not involve protein stability, presumably at the level of
translation. To confirm this notion, we performed sucrose gradient fractionation to separate
ribonucleoproteins (RNPs), monosomes, and polysomes. Knockdown of Pdcd4 resulted in a
small reduction in free ribosomal subunits (Figure 2e). Polysomal fractions contain the
actively translated mRNA bound with numerous ribosomes during protein translation. On
the other hand, mRNA that is not translated or barely translated is distributed in RNPs and
monosomal fractions. As shown in Figure 2f, SIN1 mRNA level increased 2 to 4-fold in
heavier polysomal fractions (fractions #10–13) in HT29-P cells as compared to HT29-L
cells. By contrast, there was no significant change in the distribution of RICTOR mRNA in
polysomal fractions between HT29-P and HT29-L cells. In summary, these findings indicate
that loss of Pdcd4 enhances Sin1 translation. Notably, Sin1 appeared as a single band in
HCT116 cells but showed as two bands in RKO cells (Figure 2d). This discrepancy might be
due to the existence of different isoforms in different type of cells.
The SIN1 5’UTR is essential for Pdcd4 to inhibit Sin1 translation
We have demonstrated that Pdcd4 directly binds with eIF4A and inhibits its helicase
activity.15 eIF4A is a RNA helicase whose activity is required for translation of mRNAs with
structured 5’UTR.32 Since the 5’UTR of SIN1 mRNA contains 330 nucleotides with high
GC content which can form a stable secondary structure, translation of this type of mRNA is
expected to be preferentially inhibited by Pdcd4. To test whether SIN1 5’UTR is an essential
Oncogene. Author manuscript; available in PMC 2018 January 10.
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element for inhibiting Sin1 translation by Pdcd4, we fused SIN1 5’UTR with luciferase
reporter to generate 5’Sin1-Luc (Figure 3a) and transfected it into HT29-L and HT29-P
cells. The luciferase activity in HT29-P cells was 1.8-fold of that in HT29-L cells (Figure
3b), whereas the mRNA levels were about the same in both HT29-L and HT29-P cells
(Figure 3c). Similar results were obtained when 5’Sin1-Luc was transfected into Pdcd4+/+
and Pdcd4−/− MEF cells, in which Pdcd4 knockout increased the luciferase activity about
3.5-fold (Supplementary Figure S2). As expected, the luciferase activity is about the same in
HT29-L and HT29-P cells when non-structured luciferase reporter (control) was transfected
(Figure 3b), suggesting that Pdcd4 knockdown has no effect on luciferase enzymatic activity
per se. Since the luciferase mRNA levels were similar between HT29-L and HT29-P cells
(Figure 3c), the increase of luciferase activity should not be due to the increase in synthesis
or stability of the luciferase mRNA but reflects translational enhancement. Moreover,
transfection of the Pdcd4 expression plasmid along with 5’Sin1-Luc into HCT116 cells
inhibited 5’Sin1-Luc translation in a concentration dependent manner, and the decrease in
luciferase translation in 5’Sin1-Luc transfected cells was greater than that in control
transfected cells (Figure 3d). These results suggest that SIN1 5’UTR is necessary for Pdcd4
to inhibit Sin1 translation.
Pdcd4 suppresses Sin1 translation through inhibition of eIF4A
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If Pdcd4 knockdown increases Sin1 translation through relieving the inhibition of eIF4A
activity, then directly inhibiting eIF4A activity should reduce Sin1 translation. To test this,
HT29-P cells were transfected with 5’Sin1-Luc and subsequently treated with eIF4A
inhibitor, silvestrol, at a final concentration of 0 to 20 nM. The 5’Sin1-Luc translation in
HT29-P cells treated with silvestrol decreased in a concentration dependent manner (Figure
4a). Silvestrol at 20 nM inhibited approximately 50% of 5’Sin1-Luc translation, but did not
affect translation of control luciferase reporter (Figure 4a). In addition, HT29-P cells treated
with 20 or 50 nM of silvestrol showed a dramatic decrease in Sin1 and Snail abundances
(Figure 4b). Similarly, exposing HCT116 cells to 20 or 50 nM of silvestrol also displayed a
decrease in Sin1 and Snail protein levels. In concert with the result of polysomal
fractionation, 20 or 50 nM of silvestrol did not affect the Rictor protein level (Figure 4b).
These findings suggest that directly inhibiting eIF4A activity reverses Pdcd4 knockdowninduced Sin1 translation. To further demonstrate that Pdcd4 inhibits Sin1 translation
mediated by eIF4A, we transfected Pdcd4(WT), Pdcd4(157–469), and Pdcd4(157–469)
(D253A,D418A) along with 5’Sin1-Luc into HCT116 cells. Pdcd4(157–469), a deletion
mutant containing amino acid residues 157 to 469, binds to eIF4A and inhibits translation,
while Pdcd4(157–469)(D253A,D418A), the above deletion mutant with Asp residues
substituted by Ala at 253 and 418, does not bind to eIF4A and fails to inhibit translation.33
The full length Pdcd4(WT) and Pdcd4(157–469) inhibited 5’Sin1-Luc translation about 40%
and 60%, respectively, comparing to empty vector (control, Figure 4c). By contrast, the cells
expressing Pdcd4(157–469)(D253A, D418A) (Mut) had similar level of 5’Sin1-Luc
translation as control cells. In addition, cells transfected with Pdcd4(WT) and Pdcd4(157–
469) showed a decrease in Sin1 and Snail abundances (Figure 4d). These results collectively
suggest that Pdcd4 inhibits Sin1 translation by suppressing eIF4A activity and possibly
impede the unwinding of the secondary structure in SIN1 5’UTR. It also indicates that
Pdcd4 inhibits Snail abundance through suppression of Sin1 expression.
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Next, we asked whether up-regulation of Sin1 translation by Pdcd4 knockdown is
functionally significant in promoting colon tumor cell invasion. We knocked down Sin1
expression by two commercial SIN1 siRNAs, which reduced Sin1 protein levels about 80–
90%, and in consequence, phosphorylation of Akt at Ser473 and Snail expression were
decreased (Figure 5a). As shown in Figure 5b, the invasive capacity of HT29-P cells
transfected with SIN1 siRNA was approximately 40–50% of that in HT29-P cells
transfected with scrambled siRNA (control), suggesting that Sin1 up-regulation triggered by
Pdcd4 knockdown is important for promoting colon tumor cell invasion. To confirm that
Pdcd4-inhibited Sin1 translation is sufficient for suppressing mTORC2 activity and invasion,
we assayed the mTORC2 kinase activity and invasive capacity with the cells expressing
Pdcd4 (WT), Pdcd4(157–469), and Pdcd4(157–469)(D253A, D418A). The Pdcd4(WT)
significantly inhibited both mTORC2 kinase activity and invasive ability (Figures 5c and 5d)
as well as migration ability (Supplementary Figure S3). The mTORC2 kinase activity and
invasive capacity in cells expressing Pdcd4(157–469) were approximately 30% and 50% of
that in cells expressing empty vector (control), respectively (Figures 5c and 5d). By contrast,
the cells expressing Pdcd4(157–469)(D253A, D418A) had mTORC2 kinase activity and
invasive capacity similar to that observed in control cells (Figures 5c and 5d). Together,
these findings suggest that Pdcd4-inhibited Sin1 translation is critical for inhibition of
mTORC2 activity and invasion.

Author Manuscript

To delineate the role of eIF4A in regulating cell invasion, we assayed the effects of silvestrol
on invasion. HT29-P and HCT116 cells were serum starved for 24 h and subsequently
seeded on the upper Boyden chamber with or without 20 nM of silvestrol. As shown in
Figure 5e, silvestrol treatment markedly reduced cell ability to penetrate the Matrigel barrier,
suggesting that inhibition of eIF4A activity suppresses invasion. In addition, 20 nM
silvestrol sufficiently suppressed HT29-P and HCT116 cell migration (Supplementary
Figure S4). It is noteworthy that HT29-P and HCT116 cells treated with 20 nM of silvestrol
did not induce cell death (Figure 5f and Supplementary Figure S5) as observed in MDAMB-231 and PC-3 cells,34 indicating that the reduction in invasion was not due to silvestrolinduced apoptosis.
Sin1 protein but not mRNA is up-regulated in the colorectal cancer tissues

Author Manuscript

To find out the expression status of Sin1 in human colorectal cancer, we examined the
protein levels of both Sin1 and Pdcd4 in malignant colorectal tissues and adjacent normal
colon tissues from 21 patients (Supplementary Table 1). The protein levels of Sin1 and
Pdcd4 were assessed using immunoblot analysis. As shown in Figure 6a and Supplementary
Figure S6, the Sin1 protein level was significantly elevated in the cancerous tissues
compared to that in adjacent normal tissues. However, the SIN1 mRNA level was similar in
cancerous and normal tissues (Figure 6b), indicating that elevation of Sin1 protein in
colorectal cancer patients is not due to the increased Sin1 transcription. In contrast to upregulation of Sin1 protein, Pdcd4 protein level was down-regulated in the cancerous tissues
(Figure 6c). These results suggest that loss of Pdcd4 might increase Sin1 protein but not
mRNA in the colorectal cancer tissues as observed in cultured cells.
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DISCUSSION
The role of Pdcd4 in suppressing tumor invasion and metastasis has been established, but the
molecular mechanism by which Pdcd4 inhibits invasion is not fully understood. In this
study, we demonstrated that Pdcd4 suppressed Sin1 translation through inhibition of eIF4A
mediated by SIN1 5’UTR, and Pdcd4-inhibited Sin1 translation is functionally significant in
suppressing mTORC2-Akt-Snail axis and invasion. In agreement with these in vitro
findings, the Sin1 protein but not mRNA increased and Pdcd4 protein decreased in
colorectal cancer tissues. Thus, our results reveal a new mechanism of how Pdcd4 attenuates
mTORC2 via inhibiting Sin1 translation to suppress colon tumor invasion (Figure 7).
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Protein translational control is a critical step for regulation of cancer development. During
translation initiation, the translation initiation complex binds to mRNA at 5’ end and scan
mRNA to locate the translation initiation codon AUG. If the mRNA forms stable secondary
structure at 5’UTR, it requires the eIF4A’s helicase activity to unwind such a structure
allowing the translation initiation complex to pass through the secondary structure.32
Inserting an artificial stem-loop structure at 5’UTR of luciferase, we previously found that
Pdcd4 inhibited translation of luciferase with the stem-loop structure greater than the one
without it. It thus implied that Pdcd4 preferentially inhibited translation of structured
mRNAs at 5’UTR.33 This concept was applied to a natural mRNA in this study, in which we
showed that Pdcd4 and Pdcd4(157–469) but not Pdcd4(157–469)(D253A,D418A) inhibited
translation of 5’Sin1-Luc, and suppressing eIF4A by silvestrol inhibited 5’Sin1-Luc
translation and Sin1 expression as well (Figure 4). These findings provide evidence that
Pdcd4 represses the translation of its natural target, SIN1 mRNA, through SIN1 5’UTR.
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Recent studies using genome-wide ribosome profiling revealed that eIF4A regulates a set of
so-called “eIF4A-dependent transcripts”.35 Since the products of many eIF4A-dependent
transcripts are transcription factors and oncogenes, inhibition of eIF4A is expected to
suppress tumorigenesis. Indeed, inhibition of eIF4A activity by silvestrol suppresses tumor
proliferation and induces apoptosis in various types of cancers.34, 36, 37 Although silvestrol
has been demonstrated to effectively inhibit tumor growth, its role in tumor invasion is still
unknown. Our findings that silvestrol efficiently inhibits eIF4A activity (Fig. 4) to suppress
invasion in HCT116 and HT29-P cells (Figure 5) provide the evidence for silvestrol as an
inhibitor for tumor invasion. Our results also showed that Pdcd4 inhibited invasion through
inhibition of eIF4A, which is achieved, at least in part, by suppression of Sin1 translation
since Pdcd4(157–469) but not Pdcd4(157–469)(D253A,D418A) sufficiently attenuated Sin1
translation, mTORC2 activity, and invasion (Figures 3–5). In addition to inhibiting eIF4A
activity, Pdcd4 has been reported to inhibit translation through an eIF4A-independent
mechanism. Liwaket al. showed that Pdcd4 directly binds mRNAs of X-linked inhibitor of
apoptosis and Bcl-x(L), and repressed their translations by preventing the formation of
translation initiation complex.38 Fehler et al. also demonstrated that interaction between
Pdcd4 and poly(A) binding protein is required for binding to C-MYB mRNA to suppress its
translation.39 It is unknown whether Pdcd4 binds to mRNA through a specific motif or
secondary structure, which needs further investigation.
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In colorectal cancer, the expression of mTOR, Rictor, and phospho-Akt (Ser473) are
frequently up-regulated.40 Here, we showed that Sin1 protein level was also up-regulated in
colorectal cancer tissues (Figure 6 and Supplementary Figure S6). Inactivation of mTORC2
by Rictor knockdown23 or Sin1 knockdown (Figure 5) reduces colon tumor cell invasion,
implying that mTORC2 activation is critical for promoting colorectal cancer cell invasion. In
addition, our findings revealed that Pdcd4 inhibits mTORC2 activity and thereby suppresses
Akt activation and Snail expression (Figure 1), suggesting that repression of mTORC2-AktSnail axis by Pdcd4 contributes to invasion suppression (Figure 5). How does Akt regulate
Snail expression? One potential path is through activation of NF-κB to up-regulate Snail
expression.41 Akt induces phosphorylation of IκB, resulting in IκB degradation and thereby
NF-kB activation. The other possible mechanism is that Akt inactivates GSK3 by
phosphorylation of Ser21 in α subunit and Ser9 in β subunit, resulting in stabilization of
Snail (Figure 7).42 Further investigation is needed to determine the downstream pathway of
Pdcd4-mTOR2-Akt that regulates Snail expression. Dorrello et al. have shown that Pdcd4
can be phosphorylated at Ser67 by p70S6K and subsequently undergoes proteasome
degradation.43 Interestingly, Pdcd4 may inhibit p70S6K phosphorylation in turn.44 Here, we
further demonstrated that Pdcd4 inhibits Akt activity by controlling mTORC2 (Figure 5),
suggesting that Pdcd4 inhibits p70S6K phosphorylation by suppression of mTORC2-Akt
axis.
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Although mTORC2 has been implicated to be important for tumorigenesis, the regulation of
mTORC2 activity is still not clearly known, especially in colorectal cancer. Recent studies
suggested that p300-mediated acetylation of Rictor stimulates mTORC2 activity.45 In
addition to Rictor, Sin1 also play an important role in regulating mTORC2 activity. Wei and
colleagues reported that Sin1 binds to Ptdlns(3,4,5)P3 to translocate mTORC2 to plasma
membrane and activate its activity.46 The same group also found that phosphorylation of
Sin1 at Thr86 and Thr398 by either S6K or Akt interferes the binding of Sin1 to other
mTORC2 components, resulting in inhibition of growth factor-induced mTORC2
activation.27 However, James and colleagues reported that phosphorylation of Sin1 at Thr86
activates mTORC2-Akt signalling and enhances mTORC2 kinase activity.47 It is not clear
whether the discrepancy of these findings is due to the different cell-type or the kinasesubstrate specificity. Our findings that Pdcd4 inhibits Sin1 translation (Figure 2) and thus
suppresses mTORC2 activation and invasion in colorectal cancer cells (Figure 5) provide a
new regulatory mechanism of mTORC2 activity. This mechanism is further supported by the
observations that Sin1 protein but not mRNA is up-regulated whereas Pdcd4 protein is
down-regulated in human colorectal cancer tissues (Figure 6).
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In conclusion, these results suggest that Pdcd4 inhibits Sin1 translation through eIF4A
inhibition, which may repress the unwinding of secondary structure at SIN1 5’UTR.
Inhibition of Sin1 translation leads to attenuation of mTORC2-Akt-Snail and invasion.
These findings identify a new path to suppress mTORC2 via Pdcd4-inhibited Sin1
translation, which points out a novel direction for development of mTORC2-specific
inhibitors for cancer therapeutics.
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MATERIALS AND METHODS
Chemicals and reagents
Silvestrol was purchased from MedChem Express (Monmouth Junction, NJ) and dissolved
in DMSO and stored at −80°C.
Cell lines and patient specimens
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HT29, HCT116, and RKO cells were purchased from ATCC, and cultured in McCoy’s 5A
medium as described previously.8 All cell lines were routinely tested for mycoplasma
contamination. Tumor and adjacent normal tissues were obtained from 21 colorectal cancer
patients at Qilu Hospital, Shandong University, China. Informed consent was obtained from
all of patients. Both study protocol and informed consent were approved by the Ethical
Committee of Qilu Hospital. Immediately after surgical removal, tumor and adjacent normal
tissues were frozen in liquid nitrogen. Frozen tissues were grinded to fine powder and
subsequently lysed in lysis buffer8 containing 1X protease inhibitor and phosphatase
inhibitor cocktail with Dounce homogenizer for protein extraction. For RNA isolation, the
tissue powder was incubated with Trizol (Invitrogen, Carlsbad, CA, USA) for 30 min with
occasional vortex.
Isolation of MEF cells
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The Pdcd4+/+ and Pdcd4−/− MEF cell lines were isolated from the embryos (day 13 or 14
p.c.) of wild-type and Pdcd4 knockout mice,30 respectively. The embryos from placentas
were passed through an 18G/1½" needle and cultured in 10 ml DMEM medium on a gelatin
coated plate and incubated at 37°C until the cells reached confluence. The MEF are the only
cells that attach and proliferate on the gelatin coated plate. At confluence, cells (Passage 0)
were split at the ratio of 1:3. The primary MEF cells with passage 3 to 6 were used for the
experiments.
Immunoblot analysis

Author Manuscript

Immunoblot analysis and quantification of band intensity were performed as described
previously.8 The following primary antibodies were used for immunoblotting: anti-Akt1
(#2938), anti-Akt2(#3063), anti-mTOR (#2972), anti-phospho-Akt (Ser473) (#4060), antipan Akt (#4691), anti-Rictor (#2114), anti-Sin1 (NB110–40424), anti-GβL (#3274), antiPdcd4, and anti-GAPDH (sc-47724). Antibody for Sin1 and GAPDH was purchased from
Novus Biologicals (Littleton, CO, USA) and Santa Cruz (Santa Cruz, CA, USA),
respectively. Akt1 and Akt2 antibodies were purchased from Pierce (Rockford, IL, USA).
Pdcd4 antibody was generated previously.8 The rest of antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA).
Quantitative real-time PCR
The total RNA was isolated from cells using Trizol reagent (Invitrogen). After synthesis first
strand cDNA, the mRNA levels were quantified by quantitative PCR as described
previously.8
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Sucrose gradient fractionation
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Cells were treated with cyclohexamide (10 µg/ml) for 10 min prior to cell harvesting and
lysed in the lysis buffer48 for 30 min on ice. After centrifugation, the supernatants were
layered onto 10–45% (w/w) sucrose gradient containing 10 mM Tris-HCl (pH7.2), 60 mM
KCl, 10 mM MgCl, 1 mM DTT, and 0.1 mg/ml of heparin. After centrifugation at 36,000
rpm using SW41Ti rotor for 2 h, fractions were collected with Piston Gradient Fractionator
(Biocomp, Fredericton, NB Canada) and monitored at 245 nm. The RNAs in each fraction
were extracted using Trizol (Invitrogen)and subsequently analyzed using RT-qPCR.
mTORC2 kinase assay

Author Manuscript

Cells were lysed in CHAPS buffer49 containing protease inhibitors (Pierce) on ice for 30
min. The lysate was incubated with mTOR antibody (Cell Signaling, #2972) and protein G
magnetic beads (Pierce) at room temperature for 1h with constant rotary agitation. After
wash with CHAPS buffer, the purified recombinant Akt1 (1 µl of 0.5 µg/ml, ATGen, Korea)
and ATP (1 µl of 10 mM) and 18 µl of the mTORC2 kinase buffer49 were added to the
beads, and incubated at 37°C for 15 min. The reaction was terminated by adding 20 µl of
SDS sample buffer and boiled for 5 min to release the bound mTOR into the supernatant.
Migration and invasion assay
Migration and invasion assays were performed as described previously.8, 10
Statistical analysis

Author Manuscript

The levels of Sin1 and Pdcd4 protein, and SIN1 mRNAin malignant and adjacent normal
tissues were analyzed by Wilcoxon signed rank test. For kinase activity assays, the onesample t-test was used to compare control and treated groups by examining whether the
mean relative fold change is equal to one. For other experiments, the Bartlett’s test was first
used to test for equal variances between groups. The Student’s t-test assuming equal
variances was used to compare experimental groups if the Bartlett’s test was not significant,
and the Welch’s unequal variances t-test was used otherwise. Data were expressed as mean ±
SD. P< 0.05 was considered significant.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
Author Manuscript

This work was supported by the NIH/NCI grant to H.-S. Yang (R01CA129015 and R03CA187839),NCI/NIH
center core support grant to C. Wang (P30CA177558), and National Natural Science Foundation of China grant to J
Zhu (81402192). The Flow Cytometry facility is supported in part by NCI Center Core Support Grant
(P30CA177558).
We thank Dr. Jian-Li Wang (Shandong University) for experimental supports and Ms. Donna Gilbreath and Ms.
Catherine Anthony (Markey Cancer Center) for editing the manuscript.

Oncogene. Author manuscript; available in PMC 2018 January 10.

Wang et al.

Page 11

Author Manuscript

References

Author Manuscript
Author Manuscript
Author Manuscript

1. Yang, H-S., Wang, Q., Bajer, MM., Schmid, T. Pdcd4. In: Parsyan, A., editor. Translation and Its
Regulation in Cancer Biology and Medicine. Springer; 2014. p. 135-161.
2. Wei ZT, Zhang X, Wang XY, Gao F, Zhou CJ, Zhu FL, et al. PDCD4 inhibits the malignant
phenotype of ovarian cancer cells. Cancer Sci. 2009; 100:1408–1413. [PubMed: 19493270]
3. Guo X, Li W, Wang Q, Yang HS. AKT Activation by Pdcd4 Knockdown Up-Regulates Cyclin D1
Expression and Promotes Cell Proliferation. Genes Cancer. 2011; 2:818–828. [PubMed: 22393466]
4. Yang HS, Matthews CP, Clair T, Wang Q, Baker AR, Li CC, et al. Tumorigenesis suppressor Pdcd4
down-regulates mitogen-activated protein kinase kinase kinase kinase 1 expression to suppress
colon carcinoma cell invasion. Mol Cell Biol. 2006; 26:1297–1306. [PubMed: 16449643]
5. Leupold JH, Yang HS, Colburn NH, Asangani I, Post S, Allgayer H. Tumor suppressor Pdcd4
inhibits invasion/intravasation and regulates urokinase receptor (u-PAR) gene expression via Sptranscription factors. Oncogene. 2007; 26:4550–4562. [PubMed: 17297470]
6. Nieves-Alicea R, Colburn NH, Simeone AM, Tari AM. Programmed cell death 4 inhibits breast
cancer cell invasion by increasing tissue inhibitor of metalloproteinases-2 expression. Breast Cancer
Res Treat. 2009; 114:203–209. [PubMed: 18386173]
7. Wang Q, Sun ZX, Allgayer H, Yang HS. Downregulation of E-cadherin is an essential event in
activating beta-catenin/Tcf-dependent transcription and expression of its target genes in Pdcd4
knockdown cells. Oncogene. 2010; 29:128–138. [PubMed: 19784072]
8. Wang Q, Sun Z, Yang HS. Downregulation of tumor suppressor Pdcd4 promotes invasion and
activates both beta-catenin/Tcf and AP-1-dependent transcription in colon carcinoma cells.
Oncogene. 2008; 27:1527–1535. [PubMed: 17828298]
9. Santhanam AN, Baker AR, Hegamyer G, Kirschmann DA, Colburn NH. Pdcd4 repression of lysyl
oxidase inhibits hypoxia-induced breast cancer cell invasion. Oncogene. 2010; 29:3921–3932.
[PubMed: 20498644]
10. Wang Q, Zhu J, Zhang Y, Sun Z, Guo X, Wang X, et al. Down-regulation of programmed cell
death 4 leads to epithelial to mesenchymal transition and promotes metastasis in mice. Eur J
Cancer. 2013:1761–1770. [PubMed: 23312883]
11. Hilliard A, Hilliard B, Zheng SJ, Sun H, Miwa T, Song W, et al. Translational regulation of
autoimmune inflammation and lymphoma genesis by programmed cell death 4. J Immunol. 2006;
177:8095–8102. [PubMed: 17114484]
12. Wang Q, Zhang Y, Yang HS. Pdcd4 knockdown up-regulates MAP4K1 expression and activation
of AP-1 dependent transcription through c-Myc. Biochim Biophys Acta. 2012; 1823:1807–1814.
[PubMed: 22801218]
13. Chang JH, Cho YH, Sohn SY, Choi JM, Kim A, Kim YC, et al. Crystal structure of the eIF4APDCD4 complex. Proc Natl Acad Sci U S A. 2009; 106:3148–3153. [PubMed: 19204291]
14. Loh PG, Yang HS, Walsh MA, Wang Q, Wang X, Cheng Z, et al. Structural basis for translational
inhibition by the tumour suppressor Pdcd4. EMBO J. 2009; 28:274–285. [PubMed: 19153607]
15. Yang HS, Jansen AP, Komar AA, Zheng X, Merrick WC, Costes S, et al. The transformation
suppressor Pdcd4 is a novel eukaryotic translation initiation factor 4A binding protein that inhibits
translation. Mol Cell Biol. 2003; 23:26–37. [PubMed: 12482958]
16. Rogers GW Jr, Komar AA, Merrick WC. eIF4A: the godfather of the DEAD box helicases. Prog
Nucleic Acid Res Mol Biol. 2002; 72:307–331. [PubMed: 12206455]
17. Wei N, Liu SS, Chan KK, Ngan HY. Tumour suppressive function and modulation of programmed
cell death 4 (PDCD4) in ovarian cancer. PLoS One. 2012; 7:e30311. [PubMed: 22272332]
18. Lankat-Buttgereit B, Muller S, Schmidt H, Parhofer KG, Gress TM, Goke R. Knockdown of Pdcd4
results in induction of proprotein convertase 1/3 and potent secretion of chromogranin A and
secretogranin II in a neuroendocrine cell line. Biol Cell. 2008; 100:703–715. [PubMed: 18549351]
19. Vivanco I, Sawyers CL. The phosphatidylinositol 3-Kinase AKT pathway in human cancer. Nat
Rev Cancer. 2002; 2:489–501. [PubMed: 12094235]
20. Guertin DA, Sabatini DM. Defining the role of mTOR in cancer. Cancer Cell. 2007; 12:9–22.
[PubMed: 17613433]

Oncogene. Author manuscript; available in PMC 2018 January 10.

Wang et al.

Page 12

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

21. Wullschleger S, Loewith R, Hall MN. TOR signaling in growth and metabolism. Cell. 2006;
124:471–484. [PubMed: 16469695]
22. Gaubitz C, Prouteau M, Kusmider B, Loewith R. TORC2 Structure and Function. Trends Biochem
Sci. 2016; 41:532–545. [PubMed: 27161823]
23. Gulhati P, Bowen KA, Liu J, Stevens PD, Rychahou PG, Chen M, et al. mTORC1 and mTORC2
regulate EMT, motility, and metastasis of colorectal cancer via RhoA and Rac1 signaling
pathways. Cancer Res. 2011; 71:3246–3256. [PubMed: 21430067]
24. Roulin D, Cerantola Y, Dormond-Meuwly A, Demartines N, Dormond O. Targeting mTORC2
inhibits colon cancer cell proliferation in vitro and tumor formation in vivo. Mol Cancer. 2010;
9:57. [PubMed: 20226010]
25. Masri J, Bernath A, Martin J, Jo OD, Vartanian R, Funk A, et al. mTORC2 activity is elevated in
gliomas and promotes growth and cell motility via overexpression of rictor. Cancer Res. 2007;
67:11712–11720. [PubMed: 18089801]
26. Chen CH, Sarbassov dos D. The mTOR (mammalian target of rapamycin) kinase maintains
integrity of mTOR complex 2. J Biol Chem. 2011; 286:40386–40394. [PubMed: 21965657]
27. Liu P, Gan W, Inuzuka H, Lazorchak AS, Gao D, Arojo O, et al. Sin1 phosphorylation impairs
mTORC2 complex integrity and inhibits downstream Akt signalling to suppress tumorigenesis.
Nat Cell Biol. 2013; 15:1340–1350. [PubMed: 24161930]
28. Moraitis D, Karanikou M, Liakou C, Dimas K, Tzimas G, Tseleni-Balafouta S, et al. SIN1, a
critical component of the mTOR-Rictor complex, is overexpressed and associated with AKT
activation in medullary and aggressive papillary thyroid carcinomas. Surgery. 2014; 156:1542–
1548. discussion 1548–1549. [PubMed: 25456951]
29. Xu J, Li X, Yang H, Chang R, Kong C, Yang L. SIN1 promotes invasion and metastasis of
hepatocellular carcinoma by facilitating epithelial-mesenchymal transition. Cancer. 2013;
119:2247–2257. [PubMed: 23564492]
30. Jansen AP, Camalier CE, Colburn NH. Epidermal expression of the translation inhibitor
programmed cell death 4 suppresses tumorigenesis. Cancer Res. 2005; 65:6034–6041. [PubMed:
16024603]
31. Franke TF. PI3K/Akt: getting it right matters. Oncogene. 2008; 27:6473–6488. [PubMed:
18955974]
32. Svitkin YV, Pause A, Haghighat A, Pyronnet S, Witherell G, Belsham GJ, et al. The requirement
for eukaryotic initiation factor 4A (elF4A) in translation is in direct proportion to the degree of
mRNA 5' secondary structure. RNA. 2001; 7:382–394. [PubMed: 11333019]
33. Yang HS, Cho MH, Zakowicz H, Hegamyer G, Sonenberg N, Colburn NH. A novel function of the
MA-3 domains in transformation and translation suppressor Pdcd4 is essential for its binding to
eukaryotic translation initiation factor 4A. Mol Cell Biol. 2004; 24:3894–3906. [PubMed:
15082783]
34. Cencic R, Carrier M, Galicia-Vazquez G, Bordeleau ME, Sukarieh R, Bourdeau A, et al. Antitumor
activity and mechanism of action of the cyclopenta[b]benzofuran, silvestrol. PLoS One. 2009;
4:e5223. [PubMed: 19401772]
35. Wolfe AL, Singh K, Zhong Y, Drewe P, Rajasekhar VK, Sanghvi VR, et al. RNA G-quadruplexes
cause eIF4A-dependent oncogene translation in cancer. Nature. 2014; 513:65–70. [PubMed:
25079319]
36. Wiegering A, Uthe FW, Jamieson T, Ruoss Y, Huttenrauch M, Kuspert M, et al. Targeting
Translation Initiation Bypasses Signaling Crosstalk Mechanisms That Maintain High MYC Levels
in Colorectal Cancer. Cancer Discov. 2015; 5:768–781. [PubMed: 25934076]
37. Kogure T, Kinghorn AD, Yan I, Bolon B, Lucas DM, Grever MR, et al. Therapeutic potential of
the translation inhibitor silvestrol in hepatocellular cancer. PLoS One. 2013; 8:e76136. [PubMed:
24086701]
38. Liwak U, Thakor N, Jordan LE, Roy R, Lewis SM, Pardo OE, et al. Tumor suppressor PDCD4
represses internal ribosome entry site-mediated translation of antiapoptotic proteins and is
regulated by S6 kinase 2. Mol Cell Biol. 2012; 32:1818–1829. [PubMed: 22431522]
39. Fehler O, Singh P, Haas A, Ulrich D, Muller JP, Ohnheiser J, et al. An evolutionarily conserved
interaction of tumor suppressor protein Pdcd4 with the poly(A)-binding protein contributes to

Oncogene. Author manuscript; available in PMC 2018 January 10.

Wang et al.

Page 13

Author Manuscript
Author Manuscript

translation suppression by Pdcd4. Nucleic Acids Res. 2014; 42:11107–11118. [PubMed:
25190455]
40. Gulhati P, Cai Q, Li J, Liu J, Rychahou PG, Qiu S, et al. Targeted inhibition of mammalian target
of rapamycin signaling inhibits tumorigenesis of colorectal cancer. Clin Cancer Res. 2009;
15:7207–7216. [PubMed: 19934294]
41. Julien S, Puig I, Caretti E, Bonaventure J, Nelles L, van Roy F, et al. Activation of NF-kappaB by
Akt upregulates Snail expression and induces epithelium mesenchyme transition. Oncogene. 2007;
26:7445–7456. [PubMed: 17563753]
42. Zhou BP, Deng J, Xia W, Xu J, Li YM, Gunduz M, et al. Dual regulation of Snail by GSK-3betamediated phosphorylation in control of epithelial-mesenchymal transition. Nat Cell Biol. 2004;
6:931–940. [PubMed: 15448698]
43. Dorrello NV, Peschiaroli A, Guardavaccaro D, Colburn NH, Sherman NE, Pagano M. S6K1- and
betaTRCP-mediated degradation of PDCD4 promotes protein translation and cell growth. Science.
2006; 314:467–471. [PubMed: 17053147]
44. Zhang Y, Wang Q, Chen L, Yang HS. Inhibition of p70S6K1 activation by Pdcd4 overcomes the
resistance to an IGF-1R/IR inhibitor in colon carcinoma cells. Mol Cancer Ther. 2015; 14:799–
809. [PubMed: 25573956]
45. Glidden EJ, Gray LG, Vemuru S, Li D, Harris TE, Mayo MW. Multiple site acetylation of Rictor
stimulates mammalian target of rapamycin complex 2 (mTORC2)-dependent phosphorylation of
Akt protein. J Biol Chem. 2012; 287:581–588. [PubMed: 22084251]
46. Liu P, Gan W, Chin YR, Ogura K, Guo J, Zhang J, et al. PtdIns(3,4,5)P3-Dependent Activation of
the mTORC2 Kinase Complex. Cancer Discov. 2015; 5:1194–1209. [PubMed: 26293922]
47. Yang G, Murashige DS, Humphrey SJ, James DE. A Positive Feedback Loop between Akt and
mTORC2 via SIN1 Phosphorylation. Cell Rep. 2015; 12:937–943. [PubMed: 26235620]
48. Strezoska Z, Pestov DG, Lau LF. Bop1 is a mouse WD40 repeat nucleolar protein involved in 28S
and 5. 8S RRNA processing and 60S ribosome biogenesis. Mol Cell Biol. 2000; 20:5516–5528.
[PubMed: 10891491]
49. Ikenoue T, Hong S, Inoki K. Monitoring mammalian target of rapamycin (mTOR) activity.
Methods Enzymol. 2009; 452:165–180. [PubMed: 19200882]

Author Manuscript
Author Manuscript
Oncogene. Author manuscript; available in PMC 2018 January 10.

Wang et al.

Page 14

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

Figure 1.

Loss of Pdcd4 upregulates Snail expression through mTORC2-Akt-Snail axis. (a) Images of
wild type (Pdcd4+/+) and Pdcd4 null (Pdcd4−/−) MEF cells. (b) Pdcd4 knockout promotes
cell proliferation. Pdcd4+/+ and Pdcd4−/− MEF cells were seeded onto 96-well plates at day
0 (1.5×103 cells/well). The rate of cell growth was measured using XTT from day 1 to day 6.
The value recorded at day 1 is designated as 1. Data were analyzed by Student t-test (n=4,
mean±SD, ***P<0.001 vs Pdcd4+/+ at the same day). (c) Pdcd4 knockdown or knockout
increases the phosphorylation of AKT at Ser473. Immunoblot analysis was performed using
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indicated antibodies. (d) Knockdown of Akt1 and Akt2 inhibits Snail expression induced by
Pdcd4 knockdown. HT29-P cells were transfected with scrambled siRNA, AKT1 siRNA,
and AKT2 siRNA. Forty-eight hours post-transfection, lysates were collected and
immunoblotted with the indicated antibodies. (e) Pdcd4 knockdown or knockout increases
mTORC2 activation. Cell lysates from the indicated cells were subjected to
immunoprecipitation with mTOR antibody and the precipitated complex was used for
mTORC2 kinase assay followed by immunoblot to examine the level of phosphoAKT(Ser473). Top, Image of representative mTORC2 kinase assay. Bottom, quantification
of mTORC2 kinase activity with the ratio of phospho-Akt/precipitated mTOR in HT29-L
and Pdcd4+/+ cells designated as 1. Data were analyzed by one-sample t-test (n=3; mean
±SD; *P<0.05).
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Figure 2.

Pdcd4 knockdown enhances Sin1 translation. (a) Pdcd4 knockdown increases Sin1 protein
expression. Cell lysates were probed with indicated antibodies in immunoblot analysis. The
ratio of Sin1/GAPDH protein level in HT29-L cell is designated as 1.0. (b) Pdcd4
knockdown has no impact on SIN1 mRNA level. The SIN1 mRNA levels were determined
by RT-qPCR. The ratio of Sin1/GAPDH mRNA level in HT29-L cell is designated as 100%.
Data were analyzed by one-sample t-test (n=3; mean±SD; n.s.= non-significant). (c) Pdcd4
knockdown has no impact on Sin1 protein stability. Cells were treated with cycloheximide
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from 0 to 24 h, and Sin1 protein levels were analyzed with immunoblot analysis. The level
of Sin1/GAPDH in HT29-L or HT29-P at 0 h is designated as 1.0. (d) Overexpression
ofPdcd4 inhibits Sin1 expression. HCT116 and RKO cells (5×105 per dish) were transfected
with 5.0 µg of Pdcd4 expressing plasmid (pcDNA-Pdcd4). Cell lysates were used for
immunoblot assay with antibodies against subunits of mTORC2. The ratio of Sin1/GAPDH
in control HCT116 or RKO cells is designated as 1.0. (e) Polysomal profiles of sucrose
gradient assay using HT29-L and HT29-P cells. (f) Pdcd4 knockdown increases distribution
of SIN1 mRNA (top) but not RICTOR mRNA (bottom) in polysomal fractions. The mRNA
level of Sin1/GAPDH and Rictor/GAPDH in HT29-L cells in each fraction is designated as
1.
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Figure 3.
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The 5’UTRon sin1 mRNA is required for Pdcd4 to inhibit Sin1 translation. (a) Illustration of
the 5’Sin1-Luc construct. (b and c) Pdcd4 knockdown increases SIN1 5’UTR luciferase
activity (b) but not luciferase mRNA (c). HT29-L and HT29-P cells (5×104 per well) were
transfected with 0.2 µg of 5’Sin1-Luc or pCMA-Luc (control) along with 20 ng of pRLSV40 (Promega). The normalized luciferase activity (firefly luciferase/Rinilla luciferase) in
HT29-L cells is designated as 1. Data were analyzed by Welch’s t-test (n=5; mean ± SD;
**P<0.01; ***P<0.001) for (b). The 5’Sin1-Luc mRNA levels were determined by RTqPCR and the level in HT29-L cells is designated as 100% (n=3; mean±SD; n.s.= nonsignificant by one-sample t-test) in (c). (d) Pdcd4 inhibits 5’Sin1-Luc activity in a dose
dependent manner. HCT116 cells (5 × 104 per well) were transfected with 0–1.5 µg of
pcDNA-Pdcd4, 0.2 µg of 5’Sin1-LUC or pCMA-LUC (control), along with 20 ng of pRLSV40 (Promega). The total DNA for each transfection was maintained at 1.7 µg by adding
pcDNA 3.1+ vector DNA. The normalized luciferase activity (firefly luciferase/Rinilla
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luciferase) in cells transfected with 0 µg of Pdcd4 is designated as 100%. Data were
analyzed by Student’s t-test (n=5; mean±SD; ***P<0.001).
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Pdcd4 suppresses Sin1 translation through inhibition of eIF4A. (a) Silvestrol inhibits the
5’Sin1-Luc translation in a dose-dependent manner. The luciferase activity in cells treated
with DMSO (0 nM silvestrol) is designated as 100%. Data were analyzed by Welch’s t-test
(n=5; mean±SD; ***P<0.001). (b) Sin1 protein level decreases in cells treated with
silvestrol. HT29-P or HCT116 cells were treated with indicated concentration of silvestrol
for 24 h. The ratio of Sin1/GAPDH and Snail/GAPDH in DMSO (0 nM silvestrol) treated
cells is designated as 1.0. (c) Pdcd4(157–469)(D253A,D418A) does not inhibit 5’Sin1-Luc
activity. HCT116 cells (1 × 105 per dish) were transfected with 1.0 µg pCMV-HA (control)
or plasmid expressing HA tagged WT or mutant Pdcd4, 0.2 µg of 5’Sin1-LUC, and 20 ng of
pRL-SV40. The normalized luciferase (firefly luciferase/Rinilla luciferase) activity in cells
transfected with pCMV-HA (control) is designated as 100%. Data were analyzed by Welch’s
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t-test (n=5; mean±SD; *P<0.05; ***P<0.001). Mut: Pdcd4(157–469)(D253A,D418A). (d)
Pdcd4(157–469)(D253A,D418A) does not inhibit Sin1 protein expression. HCT116 cells (6
× 105) were transfected with 5.0 µg pCMV-HA (control) or plasmid expressing HA tagged
WT or mutant Pdcd4. Seventy-two hours post-transfection, cell lysates were collected and
subsequently immunoblotted with indicated antibodies. The ratio of Sin1/GAPDH and Snail/
GAPDH in pCMV-HA transfected cells (control) is designated as 1.0.
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Figure 5.

Pdcd4 suppresses mTORC2 activity and invasion through inhibition of Sin1 translation. (a)
Sin1 knockdown inhibits Akt phosphorylation in HT29-P cells. The Sin1 expression was
knocked down by two commercial SIN1 siRNAs in HT29-P cells and the cell lysates were
subjected to immunoblot analysis. The ratio of phospho-Akt/GAPDH and Snail/GAPDH in
scrambled siRNA transfected cells (control) is designed as 1.0. (b) Sin1 knockdown in
HT29-P cells decreases invasion. The HT29-P cells with Sin1 knockdown were serum
starved for 24 h and subsequently assayed for invasive capacity. Left, representative images
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of Matrigel invasion. Right, quantification of invasion. Cell proliferation was determined
under the same conditions of invasion assay. Net invasiveness was measured as the ratio of
invasion/proliferation with scrambled siRNA transfected cells as 100%. Data were analyzed
by Student’s t-test (n=3; mean±SD; **P<0.01; ***P<0.001). (c and d) Pdcd4 inhibits
mTORC2 kinase activity (c) or invasion (d) via inhibition of Sin1 translation. HCT116 cells
(6 × 105 per dish) were transfected with 5.0 µg of pCMV-HA (control) or plasmid
expressing HA tagged WT or mutant Pdcd4. Seventy-two hours post-transfection, cells were
used for mTORC2 kinase and invasion assays. (c) Left, Image of representative mTORC2
kinase assay. Right, quantification of mTORC2 kinase activity. The ratio of p-Akt/
precipitated mTOR in control cells is designated as 100%. Data were analyzed by onesample t-test (n=3; mean±SD; **P<0.01; ***P<0.001). (d) Left, the representative images of
Matrigel invasion. Right, quantification of invasion. The net invasiveness was measured as
the ratio of invasion/proliferation with control cells as 100%. Data were analyzed by
Student’s t-test (n=3; mean±SD; *P< 0.05; **P<0.01). Mut: Pdcd4(157–469)(D253A,
D418A). (e) Silvestrol treatment decreases the invasion capacity of tumor cells. Cells (2×105
per well) were seeded on the Matrigel coated Boyden chamber and silvestrol was added to
the upper and lower chambers to a final concentration of 20 nM. After 18h, the invasive cells
were stained with 0.5% (v/w) crystal violet. Left, Representative images of the lower
membrane surface. Right, quantification of invasion. The net invasiveness was measured as
the ratio of invasion/proliferation with cells treated with DMSO as 100%. Data were
analyzed by Student’s t-test (n=3; mean±SD; *P< 0.05; ***P<0.001). (f) No change of
apoptosis rate in cells treated with silverstrol. Cells were treated with 20 nM of silvestrol for
24 h and subsequently assayed for apoptosis using annexin V-FITC. Data were analyzed by
student’s t-test (n=3; mean±SD; n.s.= non-significant).
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Sin1 protein but not mRNA is up-regulated in the human colon cancer tissues. (a and c) The
Sin1 protein level is up-regulated (a) and Pdcd4 protein level is down-regulated (c) in
malignant tissues compared to the adjacent normal tissues. Protein levels of Sin1 and Pdcd4
in 21-patient specimens were analyzed with immunoblot analysis. The value of Sin1/actin
(a) and Pdcd4/actin (c) was used for statistical comparison by Wilcoxon signed rank test
(Sin1, P=9.5×10−7; Pdcd4, P=9.5×10−7). (b) The level of SIN1 mRNA is similar in normal
and malignant tissues .The SIN1 mRNA level in 21-patient specimens was analyzed by RTqPCR. The value of SIN1/GAPDH in each sample was used for statistical comparison
(Wilcoxon signed rank test, P=0.24).
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Figure 7.

Schematic diagram showing that Pdcd4 suppresses Sin1 translation to inhibit mTORC2
activity leading to suppression of invasion. Pdcd4 suppresses Sin1 translation via inhibition
of eIF4A. Inhibition of eIF4A by silvestrol also suppresses Sin1 translation. The inactivation
of mTORC2 by Pdcd4 or silvestrol leads to Akt inhibition, then either inhibits NF-κB or
GSK3, and thus reduces Snail expression, which ultimately suppresses invasion.
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