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The emergence of genome-wide analysis to interrogate cellular DNA, RNA, and protein content has revolutionized the study of the control
network that mediates cellular homeostasis. Nutrigenomics addresses the effect of nutrients on gene expression, which provides a basis for

understanding the biological activity of dietary components. Translation of mRNAs represents the last step of genetic flow and primarily defines

the proteome. Translational regulation is thus critical for gene expression, in particular, under nutrient excess or deficiency. Until recently, it was

unclear how the global effects of translational control are influenced by nutrient signaling. An emerging concept of translational reprogramming
addresses how to maintain the expression of specific proteins during pathophysiological conditions by translation of selective mRNAs. Here we
describe recent advances in our understanding of translational control, nutrient signaling, and their dysregulation in aging and cancer. The

mechanistic understanding of translational regulation in response to different nutrient conditions may help identify potential dietary and
therapeutic targets to improve human health. Adv. Nutr. 2: 511-519, 2011.

Introduction

The past decade witnessed stunning progress in the molec-
ular biology techniques. The elucidation of the human ge-
nome and the explosion of next-generation sequencing
technologies are fueling a revolution in a variety of sciences
including nutrition (1,2). We have come to appreciate the
dynamic state of genomics, including DNA modifications,
RNA quantitative and qualitative changes, and proteome
landscapes in a diverse array of species. Nutrigenomics is
research focusing on identifying and understanding the
molecular-level interactions between nutrients and other di-
etary bioactive molecules with the genome and the func-
tional consequences in gene expression (3). Nutrigenomics
encompasses the fields of genomics, epigenomics, posttrans-
lational modifications, proteomics, and metabolomics. The
excitement about nutrigenomics comes from a growing
awareness of the potential for modifications of food or
diet to support health and reduce the risk of diet-related dis-
eases (4). By understanding how nutrients interact with the
genome and influence gene expression, better dietary regi-
mens may be formulated and novel therapeutic approaches
may be designed for human diseases such as diabetes, can-
cer, and neurodegenerative disorders.
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A fundamental question in nutrigenomics is how cells re-
spond to the availability of nutrients and adapt to nutrient
deficiencies by changing the flow of genomic information.
After transcription, genomic information in the nucleotide
sequences begins a long journey toward translation into
the amino acids of a protein. Proteins constitute vital com-
ponents of life, and protein synthesis represents one of the
most fundamental biochemical processes. Many recent stud-
ies using comparative genomic and proteomic profiling of
cells have documented a lack of correlation between the
mRNA and protein levels of numerous genes (5). This indi-
cates that posttranscriptional regulation events, including
mRNA degradation, translational control, and protein turn-
over, are more important than is often assumed. It is becom-
ing increasingly evident that the regulation of translation
provides the cell with the plasticity to respond to rapid
changes in the environment (6). Given the considerable
time lag associated with the synthesis, processing, and ex-
porting of de novo synthesized mRNA, the use of existing
mRNAs by a controlled translation mechanism allows for
an immediate and rapid response to changes in physiological
conditions (7). Similar to transcriptional regulation, transla-
tional control also exhibits specificity because certain
mRNAs can override the general repression of protein
synthesis. Defining the precise mechanisms by which subsets
of mRNAs are differentially regulated under a variety of con-
ditions is fundamental to our understanding of posttrans-
criptional control of gene expression. Our laboratory has
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long-standing interest in protein synthesis and its regulation
by nutrient signaling. In this review, we focus on the func-
tional interpretation of nutrigenomics from the perspective
of translational control and discuss the implications in hu-
man disease.

Current status of knowledge

Translational control

To better illustrate the translational control mechanism, it is
necessary to briefly revisit what we have learned regarding
mRNA translation in eukaryotes. mRNA translation can
be divided into three stages: initiation, elongation, and ter-
mination. The initiation stage, which ends in the assembly
of the elongation-competent 80S ribosomes at the initiation
codon, is considered to be the rate-limiting step. The initia-
tion is a complex multistep process involving a large number
of protein factors required for protein synthesis (Fig. 1).
First, the methionine-loaded initiator tRNA binds to the
GTP-coupled eukaryotic initiation factor (elF) 2, yielding
the ternary complex, which combines with the 40S small ri-
bosomal subunit and other factors to form a 43S preinitia-
tion complex (PIC) (8). PIC then binds to the mRNA
through the eIF4F complex assembled at the 5’ terminus
of the mRNA. eIF4E, one element of the eIF4F complex, rec-
ognizes the cap structure and then recruits additional com-
ponents, including eIF4G and elF4A. eIF4G acts as a scaffold
protein mediating the interaction between the eIF4F com-
plex and the PIC, whereas eIF4A functions as a helicase to
unwind secondary structures in the 5" untranslated region
(UTR) and facilitate 43S PIC scanning (9-11). Next, the
loaded 43S PIC scans along the 5’UTR in a 5° — 3’ direc-
tion until it encounters an initiation codon, at which the 60S
subunit joins and protein synthesis begins (12—14). Despite
the enormous progress in the past decade in dissecting mo-
lecular mechanisms of eukaryotic translation initiation, sev-
eral key questions remain to be fully addressed. For example,
what are the determinants of start codon selection? Which
factors regulate 43S PIC binding? What additional regulators
are required for subunit joining?

Translation consumes a lion’s share of energy, and it is not
surprising that multiple translational regulation mechanisms
exist in cells to affect protein synthesis in a global or mRNA-
specific manner. Two key targets have been well characterized
to manipulate global translation, including the cap recogni-
tion by the elF4F complex assembly and the control of ter-
tiary complex formation by elF2. A family of proteins called
elF4E-binding proteins (4E-BPs) share a domain similar to
that within eIF4G that mediates the interaction with eIF4E.
Thus, 4E-BPs bind to elF4E, competing with the eIF4G asso-
ciation and then blocking the cap-dependent initiation.

® Abbreviations used: AAR, amino acid response; ATF4, activating transcription factor 4; eEF2K,
eukaryotic elongation factor-2 kinase; elF, eukaryotic initiation factor; 4E-BP, elF4E-binding
protein; GCN, general control nonderepressible protein; miRNA, microRNA; mTORCI,
mammalian target of rapamycin complex 1; PDCD4, programmed cell death protein 4; PIC,
preinitiation complex; PI3K, phosphoinositide 3-kinase; Rheb, Ras homologue enriched in
brain; RPSK, ribosomal protein S6 kinase; S6K, S6 kinase; TOP, tract of oligopyrimidine; TSC,
tuberous sclerosis complex; UORF, upstream open reading frame; UTR, untranslated region.

512 Liu and Qian

Under several stimuli such as nutrients and growth factors,
signaling pathways trigger the phosphorylation of 4E-BPs
and then the release from the bound eIF4E, allowing the
assembly of eIFAF and the activation of translation (15). In-
terestingly, genome-wide translation profiling analysis un-
covered a different mRNA specificity of 4E-BPs and the
collaboration with the 3'UTR binding proteins to fine-tune
translation (16). Moreover, 4E-BPs have been shown to act
in a hierarchical network of protein translational control dur-
ing stem cell proliferation and differentiation (17-19).

Another well-established mechanism controlling the
global translation is the modulation of the ternary complex.
GTP, coupled with elF2 in the ternary complex, undergoes
hydrolysis during initiation codon recognition. The result-
ing GDP must be substituted by another GTP for the recy-
cling of the ternary complex, which is activated by eIF2B, a
guanine nucleotide exchange factor. elF2 consists of three
subunits: «, 8, and y. One of the key mechanisms of trans-
lational control during stress is the phosphorylation of
elF2a subunit on Ser51, converting eIF2-GDP into a com-
petitive inhibitor of eIF2B and decreasing the ternary com-
plex assembly (20). There are four different elF2« kinases in
mammals activated by different stresses: protein kinase R
(PKR, double-stranded RNA in virus infection), PKR-like
ER kinase (PERK, unfolded proteins in endoplasmic reticu-
lum), heme regulated inhibitor (HRI, heme deprivation),
and general control nonderepressible protein 2 (GCN2,
amino acid starvation). Although this integrated stress re-
sponse involves a downregulation of general protein synthe-
sis, the translation of a subset of mRNAs can be increased
(21,22). Most of these mRNAs encode proteins critical for
stress response and cell survival.

There are two major forms of translational control. In
one, regulation is global and modulates the rates of protein
synthesis, thereby contributing to the overall regulation of
cell growth and metabolism. In the second form, a specific
mRNA or subsets of mRNAs is regulated. The mRNA-specific
regulation of protein synthesis is primarily due to the exis-
tence of mRNA sequence features (cis elements) and the inter-
action with corresponding factors (trans-acting factors). Most
cis elements reside in the 5'UTR and 3'UTR and modulate
the activities of translational factors through RNA binding
proteins. Cells adopt several distinct mechanisms to manipu-
late mRNA-specific translation. Examples include steric hin-
drance of the 43S complex recruitment (e.g., ferritin mRNAs
and iron regulatory proteins), interfering with the e[F4F com-
plex (e.g., maternal mRNAs and cytoplasmic polyadenylation
element binding protein), and cap-independent inhibition of
early initiation (e.g., msl-2 mRNA and Sex-lethal protein)
(23). One particularly interesting translational regulation in-
volves the SECIS element in the 3’UTR of mRNA, which al-
lows the incorporation of selenocysteine encoded by a UGA
stop codon (24). This unique mechanism gives rise to differ-
ent proteins from the same transcript. Another well-studied
mRNA-specific regulation is the microRNA (miRNA)-
mediated repression of target mRNAs. miRNAs are short
oligonucleotides (~22) that are major regulators of gene
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Figure 1 Translation initiation in eukaryotic
cells. The ternary complex (elF2-GTP-Met-
tRNAI) and elF4 complex are highlighted
because they are the major targets for
translational regulation. The recognition of
m’G cap structure at the 5" end of the mRNA is
mediated by the cap-binding protein elF4E,
which is part of elF4F. In addition to elF4E,
elF4F complex consists of elF4A (an RNA
helicase) and elF4G (a scaffold protein). The 40S

subunit, which is associated with the ternary complex, is recruited to the elF4F complex by elF3, forming the preinitiation complex
(PIC). PIC scans the mRNA in the 5 — 3’ direction until it locates an initiation codon (most often AUG) in an optimal sequence
context, where it is joined by the 60S subunit to form an 80S initiation complex. elF, eukaryotic initiation factor.

expression at the posttranscription level. The functional spec-
ificity is determined by the imperfect complementarity be-
tween miRNAs and their target mRNA sites, which are
usually located within the 3'UTR. A large number of studies,
both in vivo and in vitro, demonstrate that miRNAs either in-
hibit translation, destabilize the mRNA, or both, depending
on many factors. A recent genome-wide comparison of
mRNA level and translation efficiency in response to miRNA
suppression showed that the mRNA instability rather than
the translation repression is the predominant effect of miRNA
on gene expression (25,26). Nevertheless, it is obvious that
miRNAs could suppress target mRNA translation at multiple
stages, including initiation repression, post-initiation inhibi-
tion, and the increase in deadenylation (27).

As we gain better insights into the mechanisms of transla-
tion, it is clear that the use of emerging technologies will lead
to a more complete understanding of this paramount cellular
process. A reliable measure of the translation of cellular
mRNA is the degree of its association with ribosomes. Ac-
tively translated mRNAs are typically bound by several ribo-
somes (polysomes) and can be separated from individual 40S
and 60S ribosomal subunits and 80S monosomes by centrif-
ugation through a linear sucrose gradient. In combination
with microarray analysis, a global view of the translation sta-
tus of the entire transcriptome can be observed (Fig. 2A).
This polysome microarray approach has been widely used
to monitor the differences in ribosomal association of
mRNAs with changes in growth conditions or genetic back-
ground (28-32). A shortcoming of this approach is the lack
of information about the ribosome positions or distribution
along mRNAs. To circumvent this limitation, a recent method
called genome-wide ribosome footprinting has been devel-
oped that involves isolation and sequencing of RNA frag-
ments that are protected by ribosomes (33) (Fig. 2B). The
genome-wide ribosome footprinting provides a wealth of in-
formation about both the position and density of ribosomes
on mRNAs, allowing the monitoring of translation efficiency
as well as the dissection of the regulatory aspects of mRNA
translation under different conditions.

Nutrient signaling pathway
Coupling of the availability of nutrients and growth factors to
cellular growth is essential for all organisms. Cells have

evolved to establish a sophisticated sensor and signal trans-
duction system to detect nutrient availability and adjust the
cellular processes to meet their bioenergetics needs. A key sig-
naling pathway that regulates growth and metabolism is
the mammalian target of rapamycin complex 1 (mTORC1)
(34). mTORCI is an evolutionarily conserved serine/threonine
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Figure 2 Genome-wide analysis of mRNA translation. (A)
Combination of density gradient centrifugation and microarray
analysis. Ribosome fractions are separated by ultracentrifugation
through linear sucrose gradients. RNA is then isolated from light
and heavy ribosome fractions for subsequent microarray
analysis. This establishes the polysome profile for the mRNA,
where actively translated mRNA molecules are distributed in the
heavy ribosome fractions and translationally inactive messages
are found in the lighter fractions. (B) Combination of density
gradient centrifugation and deep sequencing of ribosome-
protected mRNA fragments. Typically, cellular lysates are treated
with RNase | to digest mRNA not protected by ribosomes. The
ribosome protected fragments (~ 30 nucleotides) are isolated
and converted to ¢cDNA library suitable for deep sequencing.
The next-generation sequencing technology allows single-
molecule sequencing in parallel, giving rise to a large volume of
data sets. This establishes genome-wide footprinting to quantify
ribosome positions on the entire transcriptome.
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kinase that senses signals from extracellular stimuli, amino
acid availability, and the energy status of the cell. In a typical
signaling cascade, the binding of insulin or insulin-like
growth factors to their receptors triggers the phosphoinosi-
tide 3-kinase (PI3K) pathways, leading to the phosphoryla-
tion and activation of Akt (Fig. 3). Activated Akt then
phosphorylates and suppresses the tuberous sclerosis com-
plex (TSC) 2, which is in complex with TSC1 and acts as
a negative regulator of mTORCI signaling (35,36). TSC1/
TSC2 functions as the GTPase activating protein of Ras ho-
molog enriched in brain (Rheb) (37,38). Rheb coupled with
GTP activates the kinase activity of mTORCI1, whereas the
GDP form of Rheb resulting from TSC1/TSC2 loses the
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Figure 3 The mammalian target of rapamycin complex

1 (MTORC1) signaling pathway. Upstream signaling inputs
such as phosphoinositide 3-kinase (PI3K)-Akt positively
regulates mTORC1 by inhibiting the negative regulator
tuberous sclerosis complex (TSC)1/TSC2. mTORCI1 also senses
amino acid sufficiency via Rag proteins, which serve to control
the subcellular localization of mTORC1 independent of TSC.
Two downstream targets of mTORC1, S6 kinase (S6K) and
elF4E-binding protein 1 (4EBP1), regulates a number of
translation factors, thereby controlling mRNA translation at
both initiation and elongation stages. elF, eukaryotic initiation
factor; GBL, G-protein B-subunit-like (also known as mLSTS,
mammalian lethal with SEC13 protein 8); IGF, insulin-like growth
factor; IRS, insulin receptor substrate; mTOR, mammalian target
of rapamycin; PDCD4, programmed cell death protein 4; Rheb,
Ras homologue enriched in brain.
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stimulating function (39). Therefore, mMTORCI integrates en-
vironmental cues via the PI3K-Akt pathway to achieve the
metabolic balance between growth factors and cellular growth.

Amino acids are the building blocks of polypeptides, so it
is critical for cells to adjust the translation level according to
their availability. mTORCI1 senses amino acid sufficiency
and controls the protein synthesis rate accordingly. The trans-
porters on the cytoplasm and the recycled amino acids
through autophagy primarily determine the intracellular level
of essential amino acids (40). The sensor system of amino
acids is not fully characterized, but some of the downstream
mediators have been identified, including the mitogen-
activated protein kinase kinase kinase kinase 3 (41) and the
PI3K catalytic subunit type 3 (42). The most important reg-
ulator linking amino acids to mTORCI1 is the Rag family of
small GTPases (43,44). These GTPases are heterodimers of ei-
ther RagA or RagB with RagC or RagD. Without the activa-
tion by amino acids, RagA/B binds with GDP, whereas
RagC/D binds with GTP. These inactivated Rag GTPases are
attached to the membrane of late lysosome through three
small regulators: p14, mitogen-activated protein kinase scaf-
fold protein 1, and p18 (45). In the presence of amino acids,
Rag GTPases switch to the active form, which consists of the
GTP-coupled RagA/B and GDP-bound RagC/D. Activated
Rag GTPases then recruit mTORCI to the lysosome mem-
brane, which subsequently interacts with its activator of the
small GTPase Rheb (39).

In response to a wide range of upstream inputs, mTORC1
regulates cell growth by maintaining the appropriate balance
between anabolic processes, such as macromolecular syn-
thesis and nutrient storage, and catabolic processes, such
as autophagy and the use of energy stores. Among multiple
downstream targets of mTORC1, the two best characterized
are 4E-BPs and ribosomal protein S6 kinase (RPS6K) (46).
The 4E-BPs, when nonphosphorylated, sequester the
eIF4E mRNA cap-binding proteins, prevent the assembly
of the elF4F complex at the 5’ cap structure, and thus block
cap-dependent mRNA translation (47). The activation of
RPS6K by mTORC1-mediated phosphorylation promotes
mRNA translation through several substrates, including eu-
karyotic translation initiation factor 4B(elF4B), programmed
cell death protein 4(PDCD4), eukaryotic elongation factor-2
kinase(eEF2K). Phosphorylated eIF4B further promotes the
helicase activity of eIF4A, which unwinds the secondary
structure in the 5'UTR and facilitates the scanning process
of 43S PIC (48). PDCD4 acts as a negative regulator of
elF4A. RPS6K-mediated PDCD4 phosphorylation triggers
its degradation, thereby relieving its repression of eIF4A ac-
tivity. S6 kinase (S6K) 1 also affects the elongation stage of
mRNA translation by phosphorylating eEF2K. Nonphos-
phorylated eEF2K negatively regulates eukaryotic elongation
factor-2 (eEF2), and therefore S6K1 activates eEF2 by releas-
ing the inhibition. Collectively, mTORCI1 influences the
global protein synthesis rate through both initiation and elon-
gation steps.

mTORCI1 not only regulates the activity of the transla-
tional machinery as a whole, but also specifically controls
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the translation of a subset of mRNAs that are thought to pro-
mote cell growth and proliferation. For example, we observed
differential regulation of cap-dependent and cap-independent
mRNA translation by mTORCI. As a consequence, hyperac-
tive mTORCI activity suppresses the translation of Hsp70, an
important stress responsive protein (49). In addition, acti-
vated mTORCI preferentially stimulates the translation of a
subset mRNAs with a 5" tract of oligopyrimidine (TOP) se-
quences. The 5'TOP mRNAs mostly encode ribosomal pro-
teins and translation factors, which increase the available
translational machinery and thus global protein synthesis.
This preferential regulation of TOP mRNAs is supported by
the translation profiling analysis in TSC1/TSC2-depleted cells
and serum stimulative responses (50). Despite years of study,
the underlying mechanism through which mTORC1 controls
TOP mRNA translation remains unclear.

Amino acid response pathway

Cells respond to the stress of amino acid deprivation through
multiple systems. In addition to the mTORC1 pathway, an-
other well-characterized pathway capable of sensing amino
acid deficiency is the amino acid response (AAR) pathway
(51). When an essential amino acid is inadequate due to either
limited extracellular supply or the block of intracellular recy-
cling, unchanged tRNA species accumulate and trigger
GCN2 kinase. Subsequently, activated GCN2 kinase phosphor-
ylates eIF2cr at Ser51. Phosphorylated elF2a reduces the for-
mation of the ternary complex and then attenuates global
protein synthesis (52). Interestingly, transcriptome study in
yeast discovered the integration of the AAR and TOR pathways
in nutrient-sensing and starvation responses (53).

Despite the decrease in global protein synthesis under
stresses such as starvation, a subset of mRNAs acquire in-
creased translation. One of the best studied examples is
transcription factor GCN4 in yeast and its mammalian coun-
terpart, activating transcription factor 4 (ATF4) (54,55). The
ATF4 transcript contains one very short upstream open read-
ing frame (WORF) 1 and another longer uORF 2 overlapping
with the main coding sequence (CDS). This special configu-
ration of uORF length and position modulates the expression
of ATF4 through a reinitiation mechanism. After the transla-
tion of uORF1, ribosomes dissociate into subunits at the stop
codon, leaving the 40S subunits to resume scanning. These
40S subunits acquire ternary complex during the scanning
and reinitiate at downstream open reading frames. The scan-
ning time and distance before reinitiation largely depend on
the abundance of ternary complexes. Under normal condi-
tions with high ternary complex levels, most ribosomes that
resume scanning reinitiate at uORF2 in a relatively short
amount of time, resulting in low basal levels of ATF4. How-
ever, the decreased ternary complex level under starvation
prolongs the reinitiation and bypasses uUORF2, leading to in-
creased expression of ATF4. The increased level of ATF4 then
stimulates the transcription of target genes involved in stress
resistance. Notably, a recent study using deep sequencing—
based ribosome profiling analysis reported a prevailing non-
AUG translation in the 5’UTR under starvation (33). The

physiological significance of this nonclassic mode of transla-
tion events remains to be identified.

Aging

Aging is a complex biological process characterized by pro-
gressive functional and structural deterioration of multiple
organ systems that eventually leads to death. Aging is also
an important factor for most of the common diseases, in-
cluding type 2 diabetes, cardiovascular disease, cancer, and
neurodegeneration. During the past decade, it became clear
that the rate of aging, like many other processes in biology, is
subject to regulation. Multiple signaling pathways have been
linked to the aging process, including highly conserved insu-
lin and insulin-like growth factor 1, TOR, and sirtuin signal-
ing pathways. These signaling pathways are coordinated
with nutrient levels, energy status, DNA damage, mitochon-
dria function, as well as protein homeostasis in controlling
growth and aging. Here we focus on the role of the nutrient
signaling pathway and protein synthesis in aging. Readers
are directed to several recent excellent reviews of other as-
pects of aging regulation (56-59).

Studies conducted during the past 70 y in rodents have
shown that their life span is extended by calorie restriction
(60). Similar effects have been observed in a wide range of
organisms, including protozoans, yeast, nematodes, and ca-
nines (61). Preliminary results from studies in monkeys in-
dicate that a similar phenomenon occurs in primates (62).
Calorie-restricted organisms not only live longer but also
have increased resistance to disease and seem to physically
age slower. For example, calorie restriction postpones
many signs of aging, including skin changes, obesity, decline
in motor function, and loss of learning and memory. In ad-
dition, calorie-restricted rodents are less prone to a large
number of diseases of aging, including nephropathy, im-
mune dysfunction, heart disease, and neurodegeneration
(62). The exact mechanism by which calorie restriction
has such a dramatic effect on primary aging is not yet
known. Many interrelated and overlapping factors have
been proposed to play a role.

Many conditions that shift cells from states of nutrient
use and growth to states of cell maintenance extend the
life span. The TOR pathway has warranted increased atten-
tion from the aging-research community due to its appar-
ently conserved influence on the life span of a number of
organisms. Decreased TOR signaling (using RNAi or a hy-
pomorphic TOR mutant) has been shown to extend the
life span of the nematode Caenorhabditis elegans (63). Like-
wise, overexpression of a dominant-negative allele of TOR
or inhibitors of TOR (Tscl and Tsc2) extends the life span
of Drosophila (64). Deletion of the Saccharomyces cerevisiae
TORI gene was shown to increase the replicative life span
(65). A recent high-throughput screen for gene deletions
that extends the chronological life span yielded a number
of genes involved in nutrient sensing and influenced in
part by the TOR pathway (66). Remarkably, administration
of a specific TOR inhibitor rapamycin in adult mice was suf-
ficient to cause a increase in their life span (67). Further

Translational regulation in nutrigenomics 515

TTOZ 'T€ 18quidda uo AYVHEIT NNVIA "H 18397V ALISHIAINN T1ANHOD e 610 uonuinu'sadueApe Wolj papeojumodg


http://advances.nutrition.org/

1071l An International Review Journal

2

Advances in Nutri

supporting the mechanistic connection between TOR sig-
naling and longevity, modulating TOR downstream targets
S6K and 4E-BP1 also affects the life span in a wide range
of species. Data from all three aging models support the no-
tion that TOR deficiency extends the life span.

The most prominent consequence of mTORCI inactiva-
tion is the attenuation of global protein synthesis. Protein
synthesis is a key regulated cellular process that links nutri-
ents to organism growth. Classic studies in diverse orga-
nisms, including humans, have demonstrated that aging is
accompanied by marked alterations in both general and
specific protein synthesis (68). These early observations
established a link between the aging process and the reg-
ulation of protein synthesis. Three recent papers reported
that decreasing protein synthesis in C. elegans can increase
life span (69). Pan et al. (70) reported that inhibition of
various genes in the translation initiation complex includ-
ing eIF4G and S6K results in life span extension. In a
study by Hansen et al. (71), it was found that decreasing
the levels of ribosomal proteins, S6K, or translation initi-
ation factors increases the life span. Syntichaki et al. (72)
reported that loss of a specific eIFAE isoform that func-
tions in somatic tissues decreases global protein synthesis,
protects against oxidative stress, and extends the life span
in C. elegans. Interestingly, overexpression of eI[F4E was
recently shown to increase cellular senescence in mice as
measured by B-galactosidase staining, implicating its
potential involvement in mammalian aging (73). The reg-
ulation of cap-dependent translation may therefore be
a conserved response to nutrient limitation in different
species (74).

It is suggested that the general reduction of protein synthe-
sis due to the decreased frequency of mRNA translation also
lowers the cellular load of erroneously synthesized polypep-
tides that the constitutive protein homeostatic apparatus
(proteases and chaperones proteins) normally eliminates.
This situation results in “spare" proteolytic and chaperone
function that can then deal with those proteins modified
posttranslationally (e.g., by oxidation and/or glycation),
which are thought to contribute to the senescent phenotype
(68). This increased availability of proteolytic and chaperone
functions may thereby contribute to the observed increase in
organism stress resistance and life span. Interestingly, transla-
tional profiling analysis revealed the preferential expression of
stress resistance transcripts under the repression of nutrient
signaling. As a consequence, these stress resistance proteins
promote the cell survival and increase the life span (75). A re-
cent report on Drosophila indicated that the upregulation of
4E-BP in dietary restriction activates the translation of mito-
chondrial genes, leading to improved mitochondria activity
and increased life span (76). In addition, studies on worms
showed that eIF4G is downregulated during starvation, which
results in the suppression of genes for growth but enhanced
stress response genes at the translation level. These stress pro-
teins are required for increased life span when eIF4G is in-
hibited (77). Altogether, those recent genome-wide studies
of translation profiling under dietary restriction and stress
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conditions highlight the significance of translational control
in aging.

Cancer

Most cancers are caused by dysregulation of signaling path-
ways that control cell growth and proliferation. As the cen-
tral sensor of nutrients and controller of growth, mTORC1
signaling promotes tumor development by constitutively
stimulating the synthesis of macromolecules. Consistent
with this notion, mutations in the negative regulators in
mTORCI signaling such as the TSC1/TSC2 complex, liver
kinase B1 (LKBI1), and phosphatase and tensin homolog
(PTEN) lead to tumorigenesis (78). Conversely, treatment
of mTORCI inhibitors represses tumorigenesis (79). In
many cancers, the capacity of translational machinery is in-
creased to meet excessive cell growth and proliferation.
Indeed, mutations of translation factors have been shown
to be involved in tumor development and transformation
(80-82). 4E-BPs are the most well-known negative regula-
tors of translation in response to nutrient signaling, which
act as key controllers of cell proliferation but not cell size
(83). Inactivation of 4E-BPs results in the hyperactivity of
elF4E and malignant transformation (84). Translational
profiling of hyperactive eIF4E revealed that it promotes
the preferential expression of a subset of mRNAs encoding
protumorigenic proteins participating in the cell cycle, anti-
apoptosis, growth and proliferation (85-88). In contrast, in-
hibition of eIF4E by either constitutively active 4E-BP1 or
small interfering RNA led to the repression of tumor growth
derived from PI3K signaling mutations (89,90). In addition
to eIF4E, other initiation factors such as eIF6 and eukaryotic
elongation factor -1 Al have also been shown to promote tu-
morigenesis and transformation (91,92).

In addition to mTORC1 and downstream targets, the
dysregulation of the eIF2 pathway is frequently observed
in cancer cells (93). Overexpression of nonphosphorylatable
elF2a or dominant-negative elF2« kinase lead to the consti-
tutive activation of elF2a, upregulation of translation initi-
ation, and the malignant transformation of cells in culture
(94,95). In brief, nutrient signaling—mediated translational
control of both global protein synthesis and specific mRNAs
is critical for cell proliferation and tumorigenesis (96,97).

CONCLUSIONS

Translational control in eukaryotic cells is critical for gene ex-
pression during nutrient deprivation and stress, development
and differentiation, nervous system functions, aging, and dis-
ease. In eukaryotes, two major pathways, TOR and AAR,
sense both the sufficiency and deficiency of amino acids.
The process of translation requires substantial cellular re-
sources. Thus, it is critical for cells to modulate global protein
synthesis to save energy expenditure. The biological implica-
tions of selective translation are clearly important. This trans-
lation reprogramming constitutes cellular stress response to
maintain metabolic homeostasis. Consequently, translational
dysregulation causes a series of human diseases, including ag-
ing, cancer, and neurodegenerative disorders.
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By definition, nutrigenomics applies high-throughput
genomic tools in nutrition research. However, the develop-
ment of high-throughput methods to capture the nutrition-
relevant translatome changes lags far behind the trancriptome
and proteome tools. Recent advances in microarray and next-
generation sequencing techniques allow us to monitor the
translational efficiency in a genome-wide manner. The pro-
gress largely fills the gap between transcriptome and pro-
teome in the regulation of gene expression, enabling the
characterization of genome-wide translational signatures
under both health and disease conditions. These large-scale
tools also assist the mechanistic understanding of the pa-
thology of diet-relevant diseases at the translation level. Ul-
timately, applications of newly developed high-throughput
tools in nutrigenomics will allow the development of early
diagnostic methods and effective therapeutic strategies for
diet-related diseases.
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