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Abstract

Remarkable progress has been made highlighting the importance of cap-dependent mMRNA
translation in cancer progression. 4E-BP1 is a translation initiation repressor by sequestering the
mRNA cap-binding protein elF4E and consequently inhibiting the translation of certain key
oncogenic mMRNAs encoding proteins for cell proliferation, survival, angiogenesis and
malignancy. In most tumors, however, the repressive function of 4E-BP1 is compromised by
reduction of its expression or phosphorylation mediated by oncogenic signaling pathways. We
recently unveiled that 4E-BP1-regulated cap-dependent translation integrates oncogenic effects of
the AKT and ERK signaling pathways on tumor growth and metastatic progression.
Mechanistically, we demonstrate that AKT and ERK pathways selectively upregulate survivin
expression at the level of translation by convergent activation of the mTORC1/4E-BP1/elFAE
signaling axis. In addition, loss of 4E-BP1 function induces epithelial-mesenchymal transition and
increases metastatic capability of cancer cells by translational activation of Snail. Continuous
translation of survivin and Snail is important for colorectal cancer progression to metastasis.
Herein we discuss our findings concerning deregulation of translation in cancer progression and
metastasis and highlight 4E-BP1 as a potential biomarker and therapeutic target.
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Introduction

Regulation of gene expression occurs at multiple levels from epigenetic modification to
mMRNA translation. Although transcriptional regulation is a well-established mechanism that
regulates protein expression, a growing body of evidence indicates that gene transcription
and steady-state levels of MRNA expression are poor predictors of protein levels [1-31. It has
become clear that translational regulation is also actively involved in cancer development by
specifically altering the levels of a subset of MRNAS into proteins while the most of
transcripts remain unchanged [6-81. In this research highlight, we provide an update of our
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recent efforts on the biology and clinical relevance of translational regulation in cancer
progression and therapeutics.

Cap-dependent translation and its regulation in cancer

The majority of newly synthesized eukaryotic mMRNAs is modified by the addition of a 7-
methylguanosine cap structure at their 5 end, and translation of those capped mRNAs relies
on a protein complex termed elF4F. The formation of elF4F complex begins at binding of
translation initiation factor elFAE to 5’-capped mRNAs in the nucleus, followed by the
recruitment of scaffolding protein elF4G and RNA helicase elF4A in the cytoplasm (6], The
elF4F complex initiates and regulates ribosome recruitment and subsequent protein
synthesis. The assembly of elF4F complex is thought to be a rate limiting step for translation
initiation and is largely dependent on elFAE availability. Emerging evidence indicates that
translation of certain key oncogenic mMRNAs bearing long and highly structured 5'-
untranslated regions is strongly dependent on the elF4E [6. 71: these mMRNAs include those
encoding proteins involved in cell cycle progression and cell survival, such as D-cyclins,
VEGF, c-Myc, Bcl-2 and Mcl1. Consequently, these oncogenic mRNAS are selectively
regulated by elF4E availability and are sensitive to alteration in the levels of elF4E [4 71,
Over expression of elF4E is frequently observed in a variety of human cancers [7: 91, In
experimental models including the transgenic mouse model, ectopic elFAE expression can
induce cellular transformation and tumor genesis, and increase the incidence of multiple
cancers [10. 111,

The level of free elFAE can be regulated by its binding proteins, 4E-BPs, mainly 4E-BP1
and 4E-BP2 [4 6], These proteins repress the formation of elF4F complex by binding to
elF4E surface antagonistically with elF4G using the same binding motif [4 €], To date,
mutation or deletion of 4E-BP genes has not yet been identified in human cancers [12],
However, 4E-BP1 is frequently hyperphosphorylated in cancer cells by the oncogenic
signals such as the PIBK/AKT and RAS/RAF/MEK/ERK signaling pathways [71, which
causes 4E-BP1 to disassociate from elFAE and thus inactivates the competitive function of
4E-BP1, and increases the level of free elF4E [7l. The mTOR kinase complex 1 (NTORC1)
is an important regulator of cap-dependent translation as it phosphorylates 4E-BP1 on T37
and T46, and these phosphorylations promote subsequent phosphorylations on S65 and
T70 131, Hyperphosphorylation of 4E-BP1 or reduction of 4E-BP1 expression occurs in
several cancer types and is associated with malignant progression and poor

prognosis [7: 14-16]

Cross-talk between AKT and ERK pathways

Activation of the PI3BK/AKT and RAS/RAF/MEK/ERK pathways is a common feature in
cancers. Mutations in genes that encode components of these two pathways occur at high
frequency in cancer. In a majority of human cancers, the PI3K/AKT pathway is frequently
activated by the activating mutations of PI3K p110a (PIK3CA) and the loss or inactivating
mutation of PTEN, whereas hyper activation of MEK/ERK signaling driven by mutant RAS
and BRAF is also a common oncogenic event in a variety of cancers [17: 18] Moreover, the
AKT and ERK pathways are concurrently activated by separate mutations in many human
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tumors. For instance, KRASand PIK3CA mutation; BRAF and PIK3CA mutation; and BRAF
and PTEN mutation occur simultaneously in colorectal carcinoma, thyroid carcinoma and
melanoma, respectively [19-23]1 Deregulated AKT and ERK pathways are proven to be
actively involved in maintaining malignant properties in tumor cells and promoting cancer
progression and metastasis [24: 25, Thus, a number of small molecule inhibitors targeting

components of these two pathways have been aggressively developed for the treatment of
cancers [17. 18,26, 27]

Preclinical studies and clinical trials with selective PI3K and AKT inhibitors have shown
that tumors with PIK3CA mutations are likely to be dependent on the PI3K/AKT pathway
and are sensitive to inhibition of that pathway [28-301. We found that in PIK3CA mutant
tumors, the AKT dependence of 4E-BP1 phosphorylation is closely correlated with tumor
growth [28. 311 On the other hand, the BRAF inhibitor vemurafenib or the MEK inhibitor
trametinib produces high response rates in mutant BRAF VV600E-driven melanoma [32: 331,
However, tumor cells with PIK3CA or PTEN mutations are not all sensitive to the inhibitors
of PI3K or AKT [31. 341 Similarly, mutant KRAS or BRAF tumors are not always dependent
on ERK signaling and sensitive to the BRAF and MEK inhibitors [31. 35 361 we
demonstrated that coexistent KRAS mutation renders PIK3CA mutant tumors independent of
PI3K/AKT signaling, whereas PIK3CA mutation uncouples tumor growth from MEK/ERK
and mutant KRAS signaling [31 361, In tumors with mutational activation of both PI3K/AKT
and MEK/ERK pathways, inhibition of either pathway alone has minor or negligible effects
on cell survival and tumor growth [321. However, combined inhibition of both pathways
effectively induces apoptosis and suppresses tumor growth [311. These data suggest that
AKT and ERK pathways may activate a common set of downstream targets that integrate
their function in tumors, thus reducing ‘oncogenic addiction’ on AKT or ERK signaling
pathway and causing resistance to inhibition of either pathway alone.

4E-BP1is a key effector of the oncogenic action of AKT and ERK signaling

pathways in tumorigenesis

We discovered that redundant phosphorylation of 4E-BP1 with concomitant activation of
cap-dependent translation mediated by the AKT and ERK pathways is associated with the
resistance to targeted inhibition of either pathway alone in tumors with coexistent pathway
activation 311, In the experimental model of colorectal cancer (CRC) with coexistent KRAS
and PIK3CA mutations, 4E-BP1 phosphorylation is unresponsive or less affected by
inhibition of either AKT or ERK pathway alone. However, combined inhibition of both
pathways effectively inhibits 4E-BP1 phosphorylation, which in turn activates 4E-BP1
binding to the elF4AE-mRNA cap complex and thus represses elFAE-initiated cap-dependent
translation, with an associated synergistic induction of apoptosis and suppression of tumor
growth 31, Moreover, using a non-phoshorylated mutant 4E-BP1 allele with four known
phosphorylation sites (T37, T46, S65, T70) substituted with alanine (4E-BP1-4A), which
causes constitutive binding to elF4E and inhibition of cap-dependent translation, we were
able to show that this active 4E-BP1 mutant exerts similar inhibitory effects on CRC tumor
growth as does the combined inhibition of AKT and ERK pathways. Others studies also
show that the active 4E-BP1 can block tumorigenesis in PTEN mutant breast cancer, AKT-
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driven lymphoma and KRAS mutant non-small cell lung cancer [37-39, In contrast,
knockdown of 4E-BP1 expression or overexpression of elF4E profoundly attenuates
dependence of colon tumors on activated AKT and ERK signaling for translation and
survival [311, In addition, we further demonstrated that phosphorylation of 4E-BP1 is critical,
compared with the phosphorylation of 4E-BP2 or other translation regulators including S6K
and S6 ribosomal protein, to the oncogenic action of AKT and ERK in colon tumors. In
sum, our data suggest that 4E-BP1 functions as a key integrator of the effects of AKT and
ERK activation on cap-dependent translation and that convergent phosphorylation of 4E-
BP1 by activated AKT and ERK pathways plays a critical role in maintaining the
transformed phenotype in tumors with activation of both pathways.

4E-BP1-mediated survivin translation is critical for cancer metastatic

progression by AKT and ERK signaling pathways

Metastasis is a complicated process that requires numerous proteins cooperatively to impart
tumor invasion, mediate angiogenesis, suppress apoptosis and cause proliferation at a
secondary site for tumor genesis [401. In contrast to the frequent mutations observed in the
classic oncogenes and tumor suppressor genes, many of the genes that drive primary tumor
progression to metastasis are inappropriately expressed. It is believed that the initial step for
metastasis, acquisition of migratory and invasive capability, is rate-limiting. Our recent
studies show that phosphorylated 4E-BP1-mediated activation of cap-dependent translation
by cooperative AKT and ERK signaling is also crucial for promotion of cancer cell motility
and metastasis [41]. We found that in CRC cells with concurrent mutational activation of
AKT and ERK pathways, combined inhibition of both pathways is required for effective
inhibition of cell migration and invasion, while inhibition of either pathway alone shows
little effects. Genetic disruption of elF4F complex formation by elF4E knockdown or
expression of the non-phoshorylated 4E-BP1 mutant 4E-BP1-4A profoundly repressed CRC
cell migration and invasion as well as lung and liver metastases in the mouse model of CRC.
Conversely, activation of cap-dependent translation by elFAE overexpression or 4E-BP1
knockdown greatly reduced dependence on AKT and ERK signaling for cell migration and
invasion. Mechanistically, we identified that AKT and ERK signaling cooperate to
selectively upregulate survivin protein expression at the level of translation mediated by
their common downstream of the mTORC1/4E-BP1/elFAE signaling axis. We found that
continuous translation of survivin by AKT and ERK signaling is critical for colon cancer
progression to metastasis [41]. These findings highlight 4E-BP1 and elF4E-initiated cap-
dependent translation as a key effector or downstream process of the oncogenic activation of
the AKT and ERK pathways responsible for metastatic progression of cancer.

4E-BP1 loss induces EMT and increases metastatic capability of cancer

cells by translational activation of Snalil

Epithelial-mesenchymal transition (EMT) is proposed to be a crucial mechanism regulating
cell migratory and invasive capabilities in metastatic progression [421. Our most recent work
demonstrated for the first time that loss of 4E-BP1 function by silencing its expression
induces EMT followed by promotion of cell migratory and invasive capabilities as well as
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metastasis in colon and breast cancer models [43]. Mechanistically, we determined that loss
of 4E-BP1 selectively increases the translation of Snail MRNA, an EMT inducer, with
concomitant decreased expression of the epithelial marker E-cadherin. Inhibition of cap-
dependent translation by the non-phoshorylated and dominant active mutant 4E-BP1-4A, by
mTORCL1 inhibition or by directly targeting the elF4F translation initiation complex using a
selective elF4E/elF4G interaction inhibitor, 4EGI-1 441, profoundly attenuated Snail
expression and cell maotility, whereas knockdown of 4E-BP1 or over expression of Snail
significantly reversed the inhibitory effects [43]. Thus, our findings uncover a novel role of
4E-BP1 in the regulation of EMT and metastatic progression of cancer through translational
control of Snail expression and activity, and suggest that targeted inhibition of cap-
dependent translation may be a promising approach for blocking key oncoproteins including
the commonly considered “undruggable” oncoprotein Snail.

MTORCL1 largely mediates the oncogenic effects of AKT and ERK signaling

via 4E-BP1 phosphorylation

The mTOR kinase forms two distinct functional complexes, mMTORC1 and mTORC2, with
respective substrates. It is well-known that mMTORC1 phosphorylates 4E-BP1, which in turn,
activates cap-dependent translation, while mTORC2 mediates the phosphorylation of AKT
on $473 [45]. mTORC1 has been shown to be activated by both AKT and ERK signaling via
phosphorylation of TSC2 [46. 471 |t is thus reasonable to speculate that mMTORC1 is a
translation regulatory node integrating the effects of AKT and ERK signaling pathways in
CRC with coexistent pathway activation. In these CRC cells, we found that genetic or
pharmacologic inhibition of mMTORC1 via knockdown of its obligatory component raptor or
using the mTOR kinase inhibitors greatly represses 4E-BP1 phosphorylation and survivin
translation with the similar inhibitory effects induced by combined inhibition of AKT and
ERK [41]. Moreover, we and others, established that raptor knockdown can profoundly
suppress cell invasion and metastasis of CRC [41. 48], Thus, our data strongly suggest that the
oncogenic action of AKT and ERK signaling in translational control of CRC invasion and
metastasis is largely mediated in the mTORC1-dependent manner. A recent study also
shows that mTORC1 plays an important role in translational regulation of a subset of gene
expression responsible for metastatic progression of prostate cancer [49. Thus, targeting
mTORCL1 is a potential therapeutic strategy for suppression of cancer invasion and
metastasis. However, it is important to note that mTOR inhibitors, including the allosteric
inhibitors of MTORC1 (rapamycin and its rapalogs) and the second generation of mTOR
kinase inhibitors that inhibit both mTORC1 and mTORC2, are known to activate receptor
tyrosine kinases and their downstream PI3K/AKT and ERK signaling in tumors via the loss
of a negative feedback mechanism [59-53. This feedback activation of AKT and ERK
signaling may attenuate therapeutic effects of mTOR inhibitors. Furthermore, incomplete
inhibition of 4E-BP1 phosphorylation or mTOR-independent phosphorylation of 4E-BP1 is
believed to be an additional mechanism that causes tumor cell resistance to mTOR
inhibitors [54-571 We have found that combined inhibition of mMTORC1 and AKT activities
induces more profound inhibition of 4E-BP1 phosphorylation, and a robust inhibition of cell
migration and invasion in CRC cells [41]. Other studies also demonstrate that n"TORC1
inhibition in combination with the dual PI3K/mTOR or AKT inhibitors exhibit more marked
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inhibitory effects on phosphorylation of 4E-BP1 and cap-dependent translation [58], and
increase therapeutic efficacy in cancer [58-80], These findings suggest that phosphorylation
status of 4E-BP1 is an important biomarker associated with the antitumor effect of mMTOR
inhibitors.

Conclusions and Perspectives

Our studies provide novel insights into the biology and clinical relevance of translational
regulation in CRC metastatic progression and therapy. Our findings reveal 4E-BP1 as a key
translation regulatory switch that integrates the effects of the mutational activation of the
PI3K/AKT and RAS/RAF/MEK/ERK signaling pathways on tumorigenesis and metastasis.
This integration allows cancer cells the flexibility to rely on either pathway to maintain their
transformed phenotypes regardless of which single pathway is inhibited (Figure 1). A
number of small molecule inhibitors of PI3K, AKT, RAF, MEK and mTOR kinases have
been tested in the clinic for the treatment of cancer. Our work suggests that genotyping of
patients’ tumors for mutations in components of PI3K/KAT and RAS/RAF/MEK/ERK
pathways is important for optimizing clinical care because tumors with mutations in both
pathways may have an unfavorable response to inhibition of one pathway alone. This
hypothesis needs to be evaluated in current clinical trials. Furthermore, dephosphorylation of
4E-BP1 could serve as an important biomarker for predicting response to cancer therapy
using the AKT and ERK pathway inhibitors in the clinic.

Our findings further suggest that targeting the convergence of oncogenic AKT and ERK
signals on elF4F translation initiation complex may be a useful therapeutic alternative to
combinations of both pathway inhibitors. Given the importance of 4E-BP1-regulated cap-
dependent translation as a key downstream node that integrates multiple oncogenic signaling
pathways for tumor growth and metastasis [28: 31 411 compounds that mimic the
biochemical function of 4E-BP1 by disruption of elF4E-elF4G interaction or target other
translation initiation components may be effective for cancer therapeutics. Indeed, several
translation initiation inhibitors, including elF4E antisense-oligonucleotides and silvestrol
that inhibits the RNA helicase elF4A, have recently produced encouraging anti-tumor
effects with limited toxicity in mouse; some of these inhibitors have been tested in clinical
studies [61-641 Considering that accumulated adverse side effects produced by a
combination of therapies that inhibits multiple canonical signaling pathways, and that the
mTOR inhibition-induced feedback activation of upstream receptor tyrosine kinases and
AKT and ERK signaling that may reduce anti-tumor effects of mTOR inhibitors, targeting
4E-BP1-regulated translation that can block upstream oncogenic signals on the expression of
multiple, important oncoproteins may provide a potentially viable therapeutic strategy
against the metastatic progression of cancer with less toxicity.
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Figure 1. A schematic mode for therole of 4E-BP1 asa key trandation regulatory switch that
integrates effects of the PI3K/AKT and RAS/RAF/MEK/ERK signaling pathways on
tumorigenesis and metastasis

(A) In colorectal cancer cells with coexistent KRASand PIK3CA mutations (as indicated
with asterisk), activated AKT and ERK pathways cooperate to maintain tumor growth and
promote metastatic progression by convergent phosphorylation of the translational repressor
4E-BP1 followed by a selective increase in elF4E-initiated cap-dependent translation of
certain oncogenic mMRNASs such as survivin and Snail. (B) Combined inhibition of AKT and
ERK pathways is required for effective inhibition of 4E-BP1 phosphorylation, which in turn
induces 4E-BP1 binding to the elF4E-mRNA cap complex and thus represses translation of
oncogenic mRNAs, with an associated suppression of tumorigenesis and metastasis.
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