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Abstract

The MEK/ERK and PI3K/AKT pathways are often concurrently activated by separate genetic
alterations in colorectal cancer (CRC), which is associated with CRC progression and poor
survival. However, how activating both pathways is required for CRC metastatic progression
remains unclear. Our recent study showed that both ERK and AKT signaling are required to
activate elF4E-initiated cap-dependent translation via convergent regulation of the translational
repressor 4E-BP1 for maintaining CRC transformation. Here, we identified that the activation of
cap-dependent translation by cooperative ERK and AKT signaling is critical for promotion of
CRC motility and metastasis. In CRC cells with coexistent mutational activation of ERK and AKT
pathways, inhibition of either MEK or AKT alone showed limited activity in inhibiting cell
migration and invasion, but combined inhibition resulted in profound effects. Genetic blockade of
the translation initiation complex by elF4E knockdown or expression of a dominant active 4E-BP1
mutant effectively inhibited migration, invasion and metastasis of CRC cells, whereas
overexpression of elFAE or knockdown of 4E-BP1 had the opposite effect and markedly reduced
their dependence on ERK and AKT signaling for cell motility. Mechanistically, we found that
these effects were largely dependent on the increase in mMTORC1-mediated survivin translation by
ERK and AKT signaling. Despite the modest effect of survivin knockdown on tumor growth,
reduction of the translationally-regulated survivin profoundly inhibited motility and metastasis of
CRC. These findings reveal a critical mechanism underlying the translational regulation of CRC
metastatic progression, and suggest that targeting cap-dependent translation may provide a
promising treatment strategy for advanced CRC.
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INTRODUCTION

Colorectal cancer (CRC) is the second leading cause of cancer-related mortality in the
United States.! Although progress has been made in survival for earlier stage disease, only
minimal improvement has been noted in patients with systemic metastases. Treatment
options including traditional cytotoxic chemotherapy and newly targeted therapy with the
inhibitors of the epidermal growth factor receptor and vascular endothelial growth factor are
limited for patients with advanced metastatic CRC.2 Novel treatment strategies are therefore
needed for these patients.

Mutational activation of mitogenic signaling is a frequent event in human cancers including
CRC. The MAPK intracellular signaling cascade comprises RAS, RAF, MEK and ERK.
Mutations in KRASand BRAF that lead to hyperactivation of MEK/ERK signaling occur in
45% and 10% of CRC, respectively.34 In addition to ERK pathway activation, dysregulation
of the PI3K/AKT signaling pathway, due to the activating mutations of the catalytic subunit
of PI3K, p110a (PIK3CA) and the inactivating mutations or decreased function of the
phosphatase PTEN, occurs at high frequency in CRC.4> Moreover, PIK3CA mutation is
commonly coexisted with the KRAS or BRAF mutations in CRC.# Uncontrolled activation of
the ERK and AKT pathways in tumor cells is thought to play an important role in
maintaining their proliferation, preventing apoptosis, and supporting processes required for
the transformed and metastatic phenotypes. Several small molecule inhibitors targeting
components of the RAF/MEK/ERK and PI3K/AKT pathways have been tested in a number
of clinical and preclinical studies for the treatment of CRC but have shown only limited
activity as a single agent.5-10

We and others recently showed that colon tumors with concurrent activation of the
MEK/ERK and PI3K/AKT pathways by separate mutations are invariably resistant to
inhibition of either pathway alone, but sensitive to combined inhibition of both
pathways.5:8:9 We discovered that the resistance to inhibition of either pathway is associated
with redundant activation of cap-dependent translation mediated by convergent
phosphorylation and subsequent inhibition of the translational repressor 4E-BP1 function by
the ERK and AKT pathways.8 We showed that combined inhibition of both pathways is
required to effectively inhibit 4E-BP1 phosphorylation and cap-dependent translation,
thereby suppressing CRC tumorigenesis in vivo.

The cap-dependent translation is a process by which most capped mRNAs are translated into
proteins. Translation of certain key oncogenic mMRNAs with a highly structured 5/-
untranslated region (5’-UTR) has been shown to be strongly dependent on the mRNA cap-
binding protein elF-4E, the rate-limiting component of the translation initiation complex
elF4F, which also include the scaffolding protein elF4G and the RNA helicase elF4A.11
Consequently, these oncogenic mMRNAs are preferentially and disproportionately affected by
elFAE availability and are sensitive to the alteration in the levels of elF4E.12-14 The levels
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of free elFAE can be increased substantially in cancer cells by a number of mechanisms,
including increased elF4E expression, decreased expression of elF4E inhibitory binding
proteins, 4E-BPs, and release of elF4E from 4E-BPs by inactivating phosphorylation of 4E-
BPs. Upregulation of elFAE, reduction of 4E-BP expression, and hyperphosphorylation of
4E-BP resulting from the oncogenic activation of signaling pathways are significantly found
in CRC and associated with CRC progression.1>18 The sum of these studies together with
our previous findings® suggest that the elF4E-dependent translation represents a critical
node of convergence for the oncogenic activation of the ERK and AKT signaling pathways,
and the inappropriately high rates of translation initiation may be a mechanistic feature for
driving metastatic progression of CRC. Here, we provide evidence that the effect of ERK
and AKT signaling on metastatic progression of CRC is much mediated by their convergent
activation of cap-dependent translation through selectively increasing translation of the
survivin mRNA. Our data demonstrate that translational control is a critical step in CRC
progression to metastasis and that a better understanding of the link between protein
production in cancer cells and development of metastasis may lead to novel strategies to
prevent and/or control advanced CRC.

ERK and AKT signaling are required to support migration and invasion of CRC cells with
coexistent pathway activation

Migration and invasion are critical steps in initial progression of cancer that facilitate
metastasis. Concurrent activation of the RAS/RAF/MEK/ERK and PI3K/AKT pathways
occurs in a significant proportion of human CRCs.# To ascertain the role of co-activation of
both pathways in CRC metastasis, we first examined the effects of the MEK inhibitor
PD0325901 (ref. 3) (hereafter referred to as PD901) and the AKT inhibitor MK2206 (ref.
19), alone and in combination, on CRC migration and invasion using Boyden chamber
assays. We have previously shown that both PD901 and MK2206 can effectively inhibit
phosphorylation of ERK and AKT and their downstream signaling, respectively, in a variety
of cancers including CRC in tissue culture and in vivo.8220 In CRC cells with coexistent
KRASand PIK3CA mutations (HCT116, DLD-1, HCT15), treatment with PD901 or
MK?2206 alone for 6 hours had only a modest effect on migration of the cells. However, a
combination of both drugs was effective in profoundly inhibiting their migration (Figures 1a
and b). Similar results were observed in the ability of these cells that invade through
Matrigel 30 hours after drug exposure (Figure 1c), whereas cell cycle kinetics or cell
viability were not affected within the same time interval &9 Collectively, these results
suggest that the ERK and AKT signaling pathways cooperate to maintain migration and
invasion of CRC cells in which both pathways are activated.

ERK and AKT signaling regulate CRC cell migration and invasion through their convergent
activation of cap-dependent translation

Our previous study showed that in CRC cells with concurrent activation of ERK and AKT
signaling pathways, both pathways cooperate to maintain tumor growth by convergent
activation of elF4E-initiated cap-dependent translation.8 To determine whether the
translational activation is also required for CRC cell migration and invasion, the cap-
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dependent translational activity was modulated by overexpression or knockdown of elFAE
and 4E-BP1. Boyden chamber assays showed that overexpression of elFAE or knockdown of
4E-BP1 that activates cap-dependent translation markedly enhanced migration and invasion
in HCT116 cells (Figures 2a and b). Similar results were obtained in three other CRC cell
lines (DLD-1, HT29, SW480) with knockdown of 4E-BP1 expression (Figure 2¢). By
tracking single-cell movement with live cell imaging, we further confirmed that 4E-BP1
knockdown significantly increased migration of HCT116 cells (Supplementary Figure S1).
Conversely, inhibition of cap-dependent translation by knocking down elF4E or expression
of mutant 4E-BP1-4A but not wild-type (wt) 4E-BP1 had the opposite effect (Figures 2d—f).
As compared to 4E-BP1 wt, we showed previously that the mutant 4E-BP1-4A, in which its
four known phosphorylation sites (T37, T46, S65, T70) were replaced with alanine, cannot
be phosphorylated and binds constitutively to elF4E, thus inhibiting cap-dependent
translation8. Together, these data suggest that activation of cap-dependent translation plays a
critical role in stimulation of CRC cell migration and invasion.

To test whether the cap-dependent translation apparatus mediates the effects of ERK and
AKT activation on CRC motility, the effects of MEK and AKT inhibition, alone or in
combination, were determined in HCT116 cells with stable knockdown of 4E-BP1 or
expressing control sShRNA. As shown in Figure 2g, combined inhibition of ERK and AKT
kinases caused 73% inhibition of cell migration in control cells but had much less effect
(31%) in cells in which 4E-BP1 expression was suppressed. Similar results were also
observed in cell invasion assays (data not shown). These data suggest that 4E-BP1 or the
elF4E-initiated translation process is an important downstream effector of the ERK and
AKT activation responsible for CRC cell migration and invasion.

Survivin expression is selectively regulated at the level of translation by ERK and AKT

signaling

To understand how the translational activation by ERK and AKT signaling affects CRC
progression, we determined the expression of several key proteins that are known to be
involved in the regulation of apoptosis, proliferation and metastasis. Strikingly, we found
that the anti-apoptotic and metastasis-related protein, survivin,21-25 was downregulated by
combined inhibition of MEK and AKT kinases but not by inhibition of either kinase alone
12 hours after drug addition, in HCT116 and T84 CRC cells with coexistent KRASand
PIK3CA mutations (Figure 3a and Supplementary Figure S2). In contrast, expression of
other anti-apoptotic proteins such as XIAP, c-IAP, Bcl-2 and Bcl-xL was unaffected even
with combined inhibition. The downregulation of survivin expression was not associated
with changes in the level of transcription or protein stability as analyzed by gRT-PCR or
protein degradation rate using cycloheximide chase assay respectively (Figures 3b—d).
Notably, we found that activation of cap-dependent translation by 4E-BP1 knockdown using
siRNA or shRNA with different targeting sequences upregulated survivin protein
expression, but its MRNA level remained unchanged in 4E-BP1 knockdown cells compared
with the control cells (Figures 4a—c). Conversely, inhibition of cap-dependent translation by
expression of 4E-BP1-4A but not 4E-BP1 wt, or by elF4E knockdown resulted in a decrease
of survivin protein (Figures 4d and e). Using a cap-dependent translation reporter luciferase
(Luc) mRNA linked to the 5’-UTR of either survivin or -actin for measurement of cap-
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dependent translation activity, we further found that inhibition of MEK or AKT kinase alone
had modest inhibitory effects (5—-7%) on the 5’survivin-Luc translation activity 12 hours
after drug exposure, whereas combined inhibition markedly inhibited the activity (25%) but
had no effect on 5/B-actin-Luc translation activity (Figure 4f). Most importantly, knockdown
of 4E-BP1 expression prevented survivin reduction induced by combined inhibition of MEK
and AKT (Figure 4g). In contrast, the combined inhibition effectively inhibited 4E-BP1
phosphorylation and downregulated survivin in the control cells (Figure 4g). Together, these
data indicate that ERK and AKT signaling cooperate to specifically regulate survivin
expression through the cap-dependent translation mechanism in CRC cells with coexistent
pathway activation.

Survivin mediates the effects of ERK and AKT activation on translational regulation of
CRC cell migration and invasion

The importance of survivin downregulation in mediating the effects of combined MEK and
AKT pathway inhibition was determined in HCT116 cells in which survivin protein was
exogenously overexpressed (Figure 5a). These cells did not exhibit changes in cell
proliferation (Supplementary Figure S3a) but showed a 2-3 fold increase in cell migration
and invasion compared with the vector control cells (Figures 5b and c). Furthermore, in
these cells, the effect of combined inhibition of MEK and AKT on suppression of cell
migration was significantly reduced compared with that in the control cells (Figure 5d). In
addition, overexpression of survivin could prevent inhibition of cell invasion induced by the
cap-dependent translation inhibitor 4E-BP1-4A (Figure 5e). Conversely, silencing survivin
expression 48 hours after transfection with siRNA profoundly inhibited cell invasion in both
control and 4E-BP1 knockdown cells, although 4E-BP1 knockdown induced survivin
expression and promoted cell invasion (Figures 5f and g). The inhibition of cell invasion by
decreased survivin expression was not associated with the effects on cell viability and
induction of apoptosis in the same time interval (Figures 5h and i and Supplementary Figure
S3b). Knockdown of survivin expression by a tet-inducible shRNA only caused a slowing of
cell growth but did not induce apoptosis in tissue culture after 48 hours of doxycycline
exposure. Thus, these data suggest that survivin plays a prominent role in mediating the
effects of ERK and AKT activation on translational control of CRC cell migration and
invasion.

MTORCL1 largely mediates the effects of ERK and AKT activation on translational
regulation of survivin and motility

The mTOR kinase forms two distinct complexes, mMTORC1 and mTORC2. They exert their
actions by regulating other important kinases and substrates, such as the translational
regulators p70S6 kinase (S6K) and 4E-BP1 by mTORC1 and AKT (on S473) by
mTORC2.26 Both AKT and ERK have been shown to regulate mTORC1 activity via
phosphorylation of TSC2.27:28 Thus, we explored whether mTORC1 mediates the effect of
AKT and ERK activation on translational control of CRC cell motility. Consistent with our
previous findings,® inhibition of either AKT or MEK had no effect on phosphorylation of
p70S6K or 4E-BP1 at any of its four phosphorylation sites in HCT116 and T84 cells with
coexistent KRASand PIK3CA mutations (Figure 6a and Supplementary Figure S2).
However, combined inhibition of AKT and MEK profoundly inhibited phosphorylation of
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all these sites, suggesting that AKT and ERK cooperate to regulate mTORCL activity.
Rapamycin is a selective allosteric inhibitor of mMTORCL, but it is much less effective than
combined inhibition of AKT and MEK in inhibiting 4E-BP1 phosphorylation and cell
invasion (Supplementary Figure S4). mTOR kinase inhibitors have been shown to be better
mTORCL1 inhibitors than rapamycin.2%:39 As shown in Figures 6a and b, the mTOR kinase
inhibitor AZD8055 (ref. 31) was as effective as combined inhibition of MEK and AKT in
inhibiting 4E-BP1 phosphorylation, downregulating survivin expression, and repressing cell
migration (data not shown) and invasion in HCT116 cells. However, AZD8055 also
inhibited mTORC?2 as indicated by loss of p-AKT on S473 (Figure 6a).

To specifically determine the role of mMTORC1, shRNAs were used to knockdown raptor, an
obligatory component of mTORC1.32:33 Depletion of raptor in HCT116 cells markedly
inhibited 4E-BP1 phosphorylation and survivin expression to a degree that equaled the
effects of combined inhibition of MEK and AKT in control cells (Figure 6¢). Moreover,
raptor knockdown also profoundly suppressed cell invasion, although this effect was
significantly less than that by inhibition of both MEK and AKT in control cells (Figure 6d).
Interestingly, knockdown of raptor activated AKT by increasing p-AKT on S473, whereas
inhibition of AKT elicited more profound inhibition of 4E-BP1 phosphorylation and cell
invasion in raptor knockdown cells (Figures 6¢ and d). Collectively, these results suggest
that the effects of AKT and ERK activation on translational regulation of survivin
expression and CRC cell motility are mediated at least in a large part by the mTORCL1-
dependent mechanism.

Targeting cap-dependent translation or its dependent survivin expression suppresses
CRC metastasis

Our previous study showed that much of the biologic effect of ERK and AKT activation is
mediated by inhibition of 4E-BP1 function through their convergent phosphorylation of 4E-
BP1, and the non-phosphorylated mutant 4E-BP1-4A exerts similar inhibitory effects on
cap-dependent translation and tumor growth as the combined inhibition of ERK and AKT in
CRC.8 Our current data further suggest that 4E-BP1 and its translationally-regulated protein
survivin, integrate the functions of ERK and AKT pathways in CRC cell migration and
invasion. Thus, targeted inhibition of cap-dependent translation by 4E-BP1-4A or silencing
survivin expression may significantly inhibit CRC metastasis. To explore this possibility, we
used the experimental lung and liver metastasis models in vivo. Luciferase and GFP-labeled
HCT116 cells with stable expression of 4E-BP1-4A or knockdown of survivin using a tet-
inducible shRNA were injected intravenously or intrasplenically into athymic nude mice and
formation of lung or liver metastasis was assessed by bioluminescent and fluorescent
imaging and histological examination. As compared to wt 4E-BP1 and vector control,
expression of 4E-BP1-4A profoundly suppressed lung and liver metastases in mice (Figures
7a-b and 8a-b) and survivin expression in metastatic cells (Supplementary Figure S5).
Similar results were observed by silencing survivin expression in mice that were treated with
doxycycline in drinking water for induction of survivin-targeting ShRNAs (Figures 7c—e and
8c—e). Doxycycline effectively inhibited survivin expression but did not significantly induce
apoptosis as shown by TUNEL staining and cleaved PARP expression, and had only a
modest effect on tumor growth (Figures 7d, f-h, and 8d, f). These findings demonstrate that
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ERK/AKT-activated cap-dependent translation and its translational target survivin play
crucial roles in establishment of CRC metastasis in vivo.

DISCUSSION

A recent comprehensive genomic analysis shows that concurrent activation of both
RAS/ERK and PI3K/AKT pathways by separate genetic alterations is a common feature of
CRC associated with poor outcomes and metastatic progression.* However, the selective
advantage of activating both pathways in CRC progression and metastasis is unknown. In
addition, the role of both ERK and AKT signaling pathways in cancer development has been
studied mostly by focusing on the transcriptional and posttranslational mechanisms, whereas
translational control of cancer development particularly in the process of metastasis has
remained under-explored. In our previous study,® we identified that the co-selection of
mutational activation of both ERK and AKT signaling pathways is required to maintain
transformed phenotype of CRC through convergent activation of cap-dependent translation.
We found that inhibition of either pathway alone has a minor effect on cap-dependent
translation and tumor growth, but combined inhibition of both pathways has a synergistic
inhibitory effect. In this study, we further show that the cap-dependent translation also plays
a critical role in mediating the effects of ERK and AKT activation on CRC cell migration
and invasion in vitro and metastatic dissemination in vivo. Our study indicates that
activation of cap-dependent translation is a crucial step in CRC progression to metastasis.
Genetic inhibition of elF4E-initiated translation markedly blocks migration, invasion and
metastasis of CRC. Conversely, aberrant activation of translation by elFAE amplification or
4E-BP1 reduction has the opposite effect and profoundly attenuates dependence of CRC
cells on the ERK and AKT signaling for migration and invasion. Given that deregulation of
cap-dependent translation due to overexpression of elFAE or loss of 4E-BP1 function often
occurs in CRC15-18 and has been shown to cause resistance to inhibition of upstream
oncogenic signals,34-36 our findings suggest that directly targeting the convergence of ERK
and AKT signaling on translation initiation may be an effective alternative to combination of
both kinase inhibitors in advanced and disseminated CRC. Validation of this hypothesis
requires additional clinical correlative studies and awaits the development of clinically
effective inhibitions of translation initiation.

Metastasis is a complex process that requires the concerted action of numerous proteins,
which impart tumor invasiveness, mediate angiogenesis, suppress apoptotic responses and
cause proliferation in unrelated microenvironments. Unlike classic oncogenes and tumor
suppressor genes, many genes that drive primary tumor progression to metastasis are not
altered by mutation but are inappropriately expressed. Studies have primarily focused on the
identification of deregulated gene expression at the level of transcription associated with the
metastatic process.3” However, other studies have indicated that mRNA alterations do not
always correlate precisely with expression of cognate proteins.38 Regulation of mMRNA
translation provides a direct and rapid means of regulating protein expression.13 A large
body of evidence suggests that abundance of elF4E does not limit overall translation rates
but is especially important for translation of certain mMRNAs with a highly structured 5'-
UTR, such as proto-oncogenes and other growth factors.12-14 Thus, regulation of elF4E
function via upstream signals can provide an immediate level of expression control in the
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transcript-specific genes and alter the cellular phenotype. In this paper, we identified that
survivin harboring a higher GC content (74%) with stable secondary structure in its 5-UTR
is specifically upregulated by ERK and AKT signaling via the elF4E-dependent translation
mechanism in CRC cells in which both signaling pathways are activated (Figure 4).
Upregulation of survivin expression has been shown to be associated with CRC metastatic
progression.2>39 The biologic effects of survivin are known through apoptotic inhibition,
mitotic chromosomal alignment, and a recently characterized function: promotion of cellular
motility and metastasis.21~24 Our data show that the translationally-upregulated survivin
expression seems to be predominantly associated with promotion of CRC cell motility and
metastasis, as noted by the following: 1) migration, invasion and metastasis were markedly
compromised in CRC cells depleted of survivin under conditions not affecting apoptosis; 2)
overexpression of survivin enhanced motility but not cell growth; and 3) reduction of
survivin expression profoundly inhibited CRC metastasis but only caused a slowing of
tumor growth. In addition, overexpression of survivin significantly rescued inhibition of cell
motility induced by combined inhibition of ERK and AKT or by targeting inhibition of
translation. Taken together, these data support the conclusion that the continuous translation
of survivin by ERK and AKT signaling is critical for CRC progression to metastasis. Our
results do not exclude the possibility that other common targets of ERK and AKT signaling
contribute to the effects reported herein. How translationally-regulated survivin interacts
with those targets to mediate metastatic progression of CRC is likely to be complex and a
matter for further investigation.

mTORCI1 is a downstream target of both AKT and ERK signaling?’-28 and regulates cap-
dependent translation through phosphorylation of 4E-BP1.40 It is thus reasonable to
speculate that mTORCL1 integrates the effect of ERK and AKT signaling pathways on
translational control of CRC in which both pathways are mutationally activated. We show
that combined inhibition of AKT and MEK is required to inhibit phosphorylation of 4E-
BP1, survivin expression and cell invasion to a degree that is nearly equivalent to the effects
of mTOR inhibition with the ATP-site inhibitor AZD8055. We identify that mTORC1
inhibition with depletion of raptor largely contributes to the effects of AZD8055 or
combined inhibition of AKT and MEK, whereas inhibition of mTORC2 with knockdown of
rictor does not affect the phosporylation of 4E-BP1 and survivin expression (data not
shown). Furthermore, we have previously shown that targeted inhibition of mMTORCL1 via
raptor knockdown exhibits a pronounced inhibitory effect on CRC metastasis.#* Thus, our
data strongly suggest that mTORC1 functions as a key effector of AKT and ERK activation
on translational regulation of CRC invasion and metastasis. These data support findings in a
recent study showing that mTORCL plays a critical role in translational regulation of a
metastatic gene expression program for prostate cancer progression.*2 Thus, targeting
mTORC1 may provide a therapeutic benefit in blocking cancer invasion and metastasis.
However, mMTORCL1 inhibition is known to activate negative feedback mechanisms leading
to increased formation mTORC?2 that phosphorylates and activates AKT,33:43.44 which may
attenuate its therapeutic effects. Our finding that combined inhibition of MTORC1 and AKT
activity or dual targeting of mMTORC1 and mTORC2 with the mTOR kinase inhibitor
induces more profound inhibition of 4E-BP1 phosphorylation and cell migration and
invasion than mTORCL inhibition alone in HCT116 cells is consistent with this hypothesis.
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Other studies also support this notion and demonstrate that mTOR kinase inhibitors or
mTORCL1 inhibition in combination with the dual PI3K/mTOR or AKT kinase inhibitors
show greater activity in inhibiting the phosphorylation of 4E-BP1 and cap-dependent
translation,*24° and increase the efficacy of anticancer therapy.2:45-47

In summary, our study provides new insights into the biological and therapeutic relevance of
translational control in CRC metastatic progression. Our findings reveal that the cap-
dependent translation functions as a critical regulatory node that integrates signals from
oncogenic activation of the ERK and AKT signaling pathways for promotion of cellular
migration and invasion and metastasis of CRC. Mechanistically, we identify that survivin is
a key translationally-regulated target of both pathways through convergence on the
mTORC1/4E-BP1/elF4E axis, and continuous translation of survivin by ERK and AKT
signaling is crucial for CRC progression to metastasis. Thus, targeting cap-dependent
translation that could simultaneously blocks upstream oncogenic signals and their
downstream targets would hold potential as a future therapeutic strategy against the
metastatic progression of CRC.

MATERIALS AND METHODS
Cell culture, plasmids, siRNA and shRNA

Human colon cancer cell lines were obtained from the American Type CultureCollection
(ATCC, Manassas, VA, USA) and maintained in the appropriate medium with supplements
as suggested by ATCC. PD0325901, MK2206 and AZD8055 were obtained from Selleck
(Houston, TX, USA). The pCMV6-flag-myc-tagged human survivin expression plasmid was
purchased from Origene (Rockville, MD, USA). HCT116 cells were transfected with the
pCMV6-survivin or pPCMV6 empty vector and selected by G418 (500 ug/ml) to generate
stable transfectants. HCT116 cells with stable expression of HA-tagged 4E-BP1 and 4E-
BP1-4A were previously generated.® siRNA pool against human 4E-BP1 (L-003005),
survivin (L-003459) or non-targeting control siRNA pool (D-001810-10) was from
Dharmacon (Chicago, IL, USA). The human 4E-BP1, elFAE and survivin ShRNA
expression plasmids were purchased from Open Biosystems (Lafayette, CO, USA). The
human raptor and rictor ShRNA expression plasmids were obtained from Addgene
(Cambridge, MA, USA), and the specificity of the targeting sequences has been verified and
described previously.33 For establishing stable transfectants with knockdown of specific
protein expression, cell lines were lentivirally infected with the indicated ShRNA construct
followed by selection with puromycin (2 pg/ml) for 1 week. For bioluminescent tracking,
cell lines were retrovirally infected with a reporter construct encoding firefly luciferase and
green fluorescent protein (GFP).#8 GFP-positive cells were enriched by fluorescence-
activated cell sorting.

Migration and invasion assays

Migration and invasion assays were performed in Boyden chambers with coated collagen or
Matrigel, respectively, as instructed by the manufacturer (BD Biosciences, San Jose, CA,
USA) and described previously.4! Details are provided in the Supplementary Information.
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Immunoblot analysis

Cells were lysed in NP-40 lysis buffer, and equal amounts of total protein were
immunoblotted as described previously.8 All antibodies used are provided in the
Supplementary Information.

Quantitative RT-PCR

Total cellular RNA was isolated using the RNeasy plus mini kit (Qiagen, Valencia, CA,
USA). Equal amounts of RNA were used as templates for all reactions. Double-stranded
cDNA was generated by using the SuperScript 11 First Strand Synthesis System (Invitrogen,
Grand Island, NY, USA). Real-time PCR reactions were carried out with specific probes for
human survivin (Hs00153353_m1) and B-actin (#4352935E) using the StepOne Real-Time
PCR system (Applied Biosystems, Foster City, CA, USA).

Cycloheximide (CHX) chase assay

Cells were treated with CHX (20 pug/ml) and harvested at indicated time points. The cells
were lysed in NP-40 lysis buffer and equal amounts of total protein were analyzed by
immunoblot. To examine the effect of combination with PD0325901 and MK2206, one set
of cells was pretreated with the combination of both drugs for 30 min before the addition of
CHX.

Proliferation and apoptosis assays

The cell proliferation was analyzed by counting the number of viable cells in response to the
treatment with the indicated drugs. The apoptosis assay was performed by flow cytometric
analysis as described previously.® Details are provided in the Supplementary Information.

Quantification of cap-dependent translation

The 5’-UTR cDNAs of human survivin and p-actin were obtained by RT-PCR from a
HCT116 cDNA library using the primers as described in Supplementary Table S1. These 5’-
UTR cDNAs were each inserted immediately upstream from the translation start codon of
the renilla luciferase gene in the bicistronic luciferase reporter vector pcDNA3-rLuc-
PoliolRES-fLuc, which directs cap-dependent translation of the renilla luciferase gene and
cap-independent Polio IRES-mediated translation of the firefly luciferase gene.49 Al
sequences were verified by automated sequencing. Cells (80,000) were transfected with each
the constructed bicistronic luciferase reporter plasmid (0.2 ug) in 12-well plates using X-
tremeGENE Transfection Reagent (Roche Applied Science, Indianapolis, IN, USA). After
24 h transfection, cells were treated with kinase inhibitors for the indicated times, and cell
lysates were assayed for renilla luciferase and firefly luciferase activities as described.® Cap-
dependent renilla activity was normalized against cap-independent firefly activity as the
internal control. The renilla/firefly luciferase luminescence ratio was calculated for cap-
dependent translational activity.

Animal studies

Male athymic nude mice (5-6 weeks old) were purchased from Taconic (Hudson, NY,
USA) and maintained and treated under specific pathogen-free conditions. To established
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CRC xenografts, mice were subcutaneously injected with tumor cells (3x10%/mouse) in a
1:1 mixture of media and Matrigel. Prior to initiation of treatment, mice were randomized
among control and treated groups (n=6 per group). For induction of survivin shRNA
expression, mice received doxycycline (0.5 mg/ml) in the drinking water. Tumor volume
was measured and calculated as described previously.8 For the experimental lung and liver
metastasis assays, cells with co-expression of firefly luciferase and GFP were injected into
the tail vein (1x108/mouse) or spleen (5x108/mouse) of athymic nude mice (n=5 or 6 per
group), respectively as described.5% To monitor metastasis, mice were imaged with
luciferase signals using the IVIS Spectrum (Caliper Life Science, Hopkinton, MA, USA)
and results were analyzed by Living Image 3.0 software.>% The lung and liver metastatic
lesions were further examined by GFP imaging in paraffin-embedded sections stained with
hematoxylin and eosin (H & E). Immunohistochemical analysis of survivin expression was
performed using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, USA).
For the terminal deoxynucleotidyl transferase—-mediated nick end labeling (TUNEL)
apoptosis assay, the In Situ Cell Death Detection Kit (Roche Applied Science, Indianapolis,
IN, USA) was used according to the manufacturer’s instruction as we have reported
previously.5?

Statistical analysis

The experiments were repeated at least twice. Results are expressed as mean + SEM. as
indicated. An independent Student’s t-test was performed to analyze the luciferase assay; a
two-tailed Student’s t-test was used to compare the intergroup. P < 0.05 was considered
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MAPK mitogen-activated protein kinase
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MmTORC1 mammalian target of rapamycin complex 1
PI3K phosphoinositide 3-kinase
PIK3CA p110a catalytic subunit of PI3K
PTEN phosphatase and tensin homolog
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Combined inhibition of MEK and AKT is required for effective inhibition of migration and
invasion of CRC cells with coexistent KRASand PIK3CA mutations. (a and b) Transwell
migration analysis of HCT116, DLD-1 and HCT15 cells in the presence of 50 nM
PD0325901 (PD901) and 1 uM MK?2206, alone or in combination or DMSO as control for 6
hours. The results represent the mean number of migrated cells per field = s.e.m. (n=3).
Scale bar = 500 pm. (c) Transwell invasion analysis of HCT116 and DLD-1 cells in the
presence of the drugs as indicated in (a and b) for 30 hours. The results represent the mean
number of invaded cells per field + s.e.m. (n=3). * P < 0.02 for combination of PD901 and
MK2206 versus DMSO control, PD901 or MK2206.
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Figure 2.

Cgp—dependent translation apparatus mediates the effect of ERK and AKT activation on
CRC cell migration and invasion. (a—c) Overexpression of elF4E (a) or silencing 4E-BP1
expression (b and ¢) promoted CRC cell migration and invasion. Exogenous elF4E
expression (a, left) and 4E-BP1 knockdown efficiency by shRNA (b and c, left) in the
indicated cell lines were verified by immunoblot analysis. (d) HCT116 cells with stable
expression of control (ctrl) ShRNA or elF4E shRNA were immunoblotted with the indicated
antibodies. (e and f) Silencing elFAE expression () or expression of 4E-BP1 4A but not 4E-
BP1 WT (f) markedly inhibited invasion of HCT116 cells. (g) Silencing 4E-BP1 expression
significantly reduced the inhibitory effect on cell migration induced by combined inhibition
of MEK and AKT. Migration analysis of HCT116 cells with stable expression of control
SshRNA or 4E-BP1 shRNA was performed in the presence of 50 nM PD901 and 1 uM
MK22086, alone or in combination or DMSO as control for 6 hours. The results are
expressed as the inhibition of migration relative to the DMSO-treated controls. Data shown
in graphs represent the mean = s.e.m. (n=3). * P < 0.02 for elF4E versus vector; 4E-BP1 4A
versus 4E-BP1 WT or vector; sh elFAE or sh 4E-BP1 versus sh Ctrl; and combination of
PD901 and MK2206 in sh 4E-BP1 cells versus that in sh ctrl cells.
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Combined inhibition of MEK and AKT downregulates survivin expression at the level of
protein but not total MRNA or protein stability. (a) HCT116 cells were treated with 50 nM
PD901 and 1 uM MK2206, alone or in combination or DMSO as control for 12 hours. Cell
lysates were immunoblotted with the indicated antibodies. (b) Quantitative RT-PCR analysis
of mMRNA expression of survivin relative to -actin in HCT116 cells that were treated with
the drugs as indicated in (a) for 12 hours (n=3). (¢) HCT116 cells were treated with
combination of 50 nM PD901 and 1 pM MK2206 or DMSO as control for 30 min, followed
by addition of 20 ug/ml cycloheximide (CHX) for the indicated times. Cell lysates were
immunoblotted with survivin and p-actin antibodies. (d) Immunoblots of survivin as shown
in (c) were quantified using the FluoChem digital imaging system. The level of survivin
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remaining was obtained by normalizing p-actin level at each time, and the results are
presented as mean + s.e.m. (n=3).
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Figure 4.
Survivin is translationally regulated by ERK and AKT signaling in CRC cells with

coexistent pathway activation. (a) HCT116 cells were transfected with the indicated
concentrations of 4E-BP1 siRNAs or control non-targeting siRNAs for 48 hours. Cell
lysates were immunoblotted with the indicated antibodies. (b) Immunoblot analysis of
HCT116 cells alone or with stable expression of control ShRNA or 4E-BP1 shRNA with
different targeting sequences used in (a). (c) Quantitative RT-PCR analysis of mRNA
expression of survivin relative to B-actin in HCT116 cells with stable expression of control
shRNA or 4E-BP1 shRNA (n=3). (d) Immunoblot analysis of HCT116 cells with stable
expression of vector, HA-4E-BP1 WT or HA-4E-BP1 4A. (e) Immunoblot analysis of
HCT116 cells alone or with stable expression of control ShRNA or elF4E shRNA. (f)
HCT116 cells were transfected with a bicistronic luciferase reporter that detects cap-
dependent translation of the Renilla luciferase gene linked to the 5-UTR of either survivin
or B-actin and cap-independent Polio IRES-mediated translation of the firefly luciferase
gene. The transfected cells were treated with 50 nM PD0325901 and 1 yM MK2206, alone
or in combination for 12 hours. Luciferase activities were measured by a dual-luciferase
assay, and the Renilla/firefly luciferase luminescence ratio was calculated for cap-dependent
translational activity. The results are expressed as the inhibition of cap-dependent translation
relative to the DMSO-treated controls and presented as means + s.e.m. (n=3). * P < 0.01 for
combination of PD901 and MK2206 versus PD901 or MK2206. (g) Immunoblot analysis of
HCT116 cells with stable expression of control ShRNA or 4E-BP1 shRNA that were treated
with 50 nM PD901 and 1 pM MK2206, alone or in combination for 12 hours.
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Survivin is an important effector of ERK and AKT signaling responsible for translational
control of CRC cell migration and invasion. (a) Immunoblot analysis of HCT116 cells with
stable expression of vector or flag-tagged survivin. (b and ¢) Migration (b) or invasion (c)
analysis of HCT116 cells with stable expression of vector or survivin. (d) Migration analysis
of HCT116 cells with stable expression of vector or survivin in the presence of 50 nM
PD901 and 1 pM MK2206, alone or in combination or DMSO as control for 6 hours. The
results are expressed as the inhibition of migration relative to the DMSO-treated controls.
(e) Invasion analysis of HCT116 cells with stable expression of vector, 4E-BP1 4A or 4E-
BP1 4A with co-expressing survivin over 30 hours. (f and g) HCT116 cells with stable
expression of control ShRNA or 4E-BP1 shRNA were transfected with control siRNA or
survivin siRNA for 48 hours, followed by immunoblot analysis with the indicated antibodies
(f) and invasion analysis over 30 hours (g). (h and i) HCT116 cells with stable expression of
tet-inducible survivin shRNA were treated with or without 50 ng/ml doxycycline (dox) for
the indicated times, followed by immunoblot analysis with the indicated antibodies (h) and
cell proliferation analysis (i). Data shown in graphs represent the mean £ s.e.m. (n=3). * P <

0.01.
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Figure 6.

The effects of ERK and AKT activation on translational regulation of survivin and cell
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invasion are largely mediated by mTORCL. (a and b) Immunoblot (a) and invasion (b)
analyses of HCT116 cells that were treated with 50 nM PD901, 1 uM MK2206 and 500 nM
AZD8055, alone or in combination for 12 hours (a) and 30 hours (b) respectively. (c and d)
Immunoblot (c) and invasion (d) analyses of HCT116 cells with stable expression of control
shRNA or raptor shRNA that were treated with 50 nM PD901 and 1 uM MK?2206, alone or

in combination for 12 hours (c) and 30 hours (d) respectively. Data shown in graphs

represent the mean + s.e.m. (n=3). *P < 0.02; ns, not significant.
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Figure 7.
Genetic blockade of cap-dependent translation or silencing survivin expression suppresses

lung metastasis of CRC. (a) Bioluminescence, GFP images and H & E staining of lung
metastasis in athymic nude mice that were injected intravenously with HCT116-Luc/GFP
cells expressing vector, 4E-BP1 WT or 4E-BP1 4A at week 8 post-injection. (b)
Quantitative analysis of bioluminescence in lung metastasis as shown in (a) (n=6 mice/
group). (c) Bioluminescence and GFP images of lung metastasis in athymic nude mice that
were injected intravenously with HCT116-Luc/GFP cells expressing tet-inucible survivin
shRNA followed by maintenance with or without Dox (0.5 mg/ml) in the drinking water for
8 weeks. (d) Representative sections of lung metastasis as shown in (c) that are evaluated
histologically for H & E, survivin, TUNEL and DAPI. (e) Quantitative analysis of
bioluminescence in lung metastasis as shown in (¢) (n=6 mice/group). (f) Scoring of
TUNEL staining as shown in (d). The results represent the mean number of TUNEL positive
tumor cells per field £ s.e.m. (n=4). (g) Mice (n=2) bearing established HCT116 xenografts
expressing tet-inducible survivin ShRNA were treated with Dox (0.5 mg/ml) in the drinking
water for the indicated times. Tumor lysates were immunoblotted with the indicated
antibodies. (h) Mice bearing established HCT116 xenografts expressing tet-inducible
survivin ShRNA were maintained with or without Dox (0.5 mg/ml) in the drinking water.
The results represent the mean tumor volume + s.e.m. (n=6 mice/group). * P < 0.03 for 4E-
BP1 4A versus 4E-BP1 WT or vector, and + Dox versus — Dox; # P < 0.05; ns, not
significant.
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Figure 8.
Targeted inhibition of cap-dependent translation or silencing survivin expression suppresses

liver metastasis of CRC. (a) Bioluminescence, GFP images and H & E staining of liver
metastasis in athymic nude mice that were injected intrasplenically with HCT116-Luc/GFP
cells expressing vector, 4E-BP1 WT or 4E-BP1 4A at week 3 post-injection. (b)
Quantitative analysis of bioluminescence in liver metastasis as shown in (a) (n=5 mice/
group). (c) Bioluminescence and GFP images of liver metastasis in athymic nude mice that
were injected intrasplenically with HCT116-Luc/GFP cells expressing tet-inucible survivin
shRNA followed by maintenance with or without Dox (0.5 mg/ml) in the drinking water for
3 weeks. (d) Representative sections of liver metastasis as shown in (c) that are evaluated
histologically for H & E, survivin, TUNEL and DAPI. (e) Quantitative analysis of
bioluminescence in liver metastasis as shown in (c) (n=5 mice/group). (f) Scoring of
TUNEL staining as shown in (d). The results represent the mean number of TUNEL positive
tumor cells per field £ s.e.m. (n=4). * P < 0.03 for 4E-BP1 4A versus 4E-BP1 WT or vector,
and + Dox versus — Dox; ns, not significant.
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