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Abstract: Translation of mRNA is an important process that controls cell behavior and gene regulation
because proteins are the functional molecules that determine cell types and function. Cancer
develops as a result of genetic mutations, which lead to the production of abnormal proteins and
the dysregulation of translation, which in turn, leads to aberrant protein synthesis. In addition, the
machinery that is involved in protein synthesis plays critical roles in stem cell fate determination.
In the current review, recent advances in the understanding of translational control, especially
translational initiation in cancer development and stem cell fate control, are described. Therapeutic
targets of mRNA translation such as eIF4E, 4EBP, and eIF2, for cancer treatment or stem cell fate
regulation are reviewed. Upstream signaling pathways that regulate and affect translation initiation
were introduced. It is important to regulate the expression of protein for normal cell behavior and
development. mRNA translation initiation is a key step to regulate protein synthesis, therefore,
identifying and targeting molecules that are critical for protein synthesis is necessary and beneficial
to develop cancer therapeutics and stem cells fate regulation.
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1. Introduction

A protein mediates the function of a gene. To produce proteins, genetic information stored in
DNA has to be transcribed into mRNA. Then, the mRNA should be translated to generate proteins.
However, the mRNA levels do not necessarily correlate with those of the protein [1–4]. There are
multiple steps at which protein production is regulated, including transcriptional regulation, control
of mRNA stability, translational regulation, and protein degradation [5,6]. Recent emerging data
suggest that the regulation of protein synthesis is related to cancer development and that the control of
translation efficiency is important for the determination of stem cell fate [1,5,7,8]. The current review
focuses on the role of protein synthesis initiation on cell fate decision.

2. Translation Initiation and Regulation of Protein Synthesis

Proteins are synthesized by the ribosome, which is composed of two subunits, a big subunit and a
small subunit. In eukaryotes, these are the 60S (big) subunit and 40S (small) subunit [9]. Both big and
small subunits comprise several RNA molecules (rRNAs) and many different proteins [10]. The two
ribosomal subunits are separate when they are not involved in protein synthesis, but assemble near
the 5′-end of mRNA to produce proteins [11]. Translation can be divided into four steps; initiation,
elongation, termination, and ribosome recycling [11]. During initiation, protein synthesis-competent
ribosomes are assembled and recognize the start codon. Protein synthesis is predominantly regulated at
this step [12,13]. Aminoacyl transfer RNAs (aminoacyl-tRNAs) harbor an anticodon that deciphers the
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nucleotide sequence of mRNA, and bring the appropriate amino acids needed for protein synthesis to
the ribosome [14]. Methionyl initiator tRNA (tRNAi Met) first binds to GTP-bound eukaryotic initiation
factor 2 (eIF2), which then assembles with eIF1, eIF1A, eIF3, and eIF5, to form a 43S pre-initiation
complex (43S PIC) [12] (Figure 1).

Figure 1. Cap-dependent translation initiation. When an initiator tRNA binds to guanosine triphosphate
(GTP)-bound eukaryotic initiation factor (eIF2), the complex can further recruit eIF1, eIF1A, eIF3, eIF5,
and 40S ribosome to form 43S pre-initiation complex (43S PIC). eIF4F, composed of eIF4A, eIF4E, and
eIF4G, facilitates the recruitment of mRNA to 43S PIC. Then, eIF4E binds to the 5′-cap of mRNA, and
eIF4G recruits poly(A)-binding protein (PABP), which binds to poly(A) on mRNA on the 3′-end, thus
circularizing the mRNA to stabilize it for translation. eIF4A functions as a helicase and may facilitate
mRNA scanning to find the initiation codon AUG. Once the codon is found by 43S PIC, eIFs are released
and the 60S ribosomal subunit joins the assembly to generate protein synthesis-ready 80S ribosome
ready for translation elongation.

Interestingly, it has been suggested that protein synthesis is regulated differently in different
mammalian somatic cells and is affected either globally or in a gene-specific manner [7,8]. Global
translational control is mainly mediated by the modulation of factors that are involved in translation,
whereas mRNA-specific control is associated with the code embedded in mRNA regulatory regions,
such as the 5′- and/or 3′-untranslated regions (UTRs) (reviewed in [8,15,16]. Upstream open reading
frames (uORFs) located in the 5′-regulatory region hinder protein synthesis of the main ORF (reviewed
in [16]). In addition, secondary structure generated in the 5′-region by high GC content impedes
translation by blocking the progression of the ribosomal complex [16,17]. Hence, depending on the
5′-region sequences of each mRNA, the efficiency of protein synthesis can be specifically regulated.

During mRNA transcription, after approximately 25–30 nucleotides are transcribed, the
γ-phosphate of the 5′-triphosphate is removed from the transcript by RNA triphosphatase, and
guanosine monophosphate (GMP) is transferred to the transcript from guanosine triphosphate (GTP),
to form a cap [18]. Then, the N7 amine of the guanine cap is methylated to yield m7G-capped 5′ mRNA
(reviewed in [18]). For cap-dependent translation, this structure recruits the eIF4F complex, which
contains the cap-binding protein eIF4E, DEAD-box helicase eIF4A, and a scaffold protein eIF4G that
facilitates the attachment to m7G-capped 5′-end of mRNA [18] (Figure 1). Then, the aforementioned
43S PIC is recruited to mRNA via the eIF4F complex and scans through the 5′ UTR of mRNA until it
recognizes the start codon AUG (Figure 1). Once AUG is recognized, eIF2 and other initiation factors
detach from the mRNA, and the 60S big ribosomal subunit is recruited [11,16]. The completed protein
synthesis-competent ribosome then starts to synthesize the protein [11,12,16] (Figure 1). The initiation
regulates the rate of translation and, thus, is considered as the main step for translational control [12,13].
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Therefore, initiation factors involved in this process are considered to be important for the control of
protein synthesis, and mutations in the genes or the altered expression of these factors are associated
with cancer development, progression, and cell fate determination.

3. Molecular Signals that Regulate Protein Synthesis

3.1. Mitogen-Activated Protein Kinase Kinase (MEK) Signals and Protein Synthesis

Protein synthesis is necessary for the biology of the cell, including growth, survival, proliferation,
and differentiation, and is the final process in the generation of the functional molecules, proteins.
Therefore, various signal pathways converge at and regulate translation [1,19–21] (Figure 2). One of
the signaling pathways that affect the translational machinery is the typical growth or proliferation
signal mediated by MEKs [1,22]. MEK activates extracellular signal-regulated kinases (ERK) and p38
mitogen activated protein kinases (MAPK), which then phosphorylate MAPK-interacting kinases
(MNKs) MNK1/MNK2 (Figure 2) [23,24]. MNKs phosphorylate eIF4E (Figure 2) [1,23,25]. It has
been suggested that MNK1 is recruited to eIF4F by binding to eIF4G and phosphorylates Ser209 of
eIF4E [26,27]. Although it is still being debated, eIF4E phosphorylation is likely correlated with protein
synthesis [1,22,28]. The phosphorylation level of eIF4E diminishes upon heat shock, a condition that
represses protein synthesis, and hypo-phosphorylation of eIF4E appears to be proportional to the
reduction of translation [29]. Recently, it has been shown that eIF4E phosphorylation by MNKs in the
presence of EGF and FGF2 in neural progenitor cells (NPCs) increases lysine demethylase 5A (KDM5A)
protein synthesis; conversely, in the presence of ciliary neurotrophic factor (CNTF), Signal transducer
and activator of transcription 3 (STAT3) is activated instead of MEK, eIF4E is no longer phosphorylated,
and KDM5A protein synthesis is inhibited even when the Kdm5a mRNA levels increase, suggesting a
positive correlation of eIF4E phosphorylation with protein synthesis [1]. Crystal structure analysis and
biophysical studies revealed that the binding affinity of phosphorylated eIF4E to the mRNA cap is
lower than that of unphosphorylated eIF4E, and it has been proposed that phosphorylation might play
an important role in releasing eIF4E from the eIF4F complex and recycling eIF4E for the next round of
translation [30,31].

3.2. mTOR Signals and Protein Synthesis

Another important pathway that regulates protein synthesis is the mammalian target of rapamycin
(mTOR) pathway [32,33]. mTOR is a Ser/Thr kinase that mediates signal transduction downstream of
the phosphatidylinositol 3-kinase (PI3K)/AKT or Ras/MAPK pathways. It links extracellular signals
with intracellular energy status and controls protein synthesis to modulate cell proliferation and
growth [33,34] (Figure 2). Once AKT is activated by upstream signaling, it phosphorylates and
disrupts the tuberous sclerosis complex 2 (TSC2)/TSC1 heterodimer, which functions as a negative
regulator of mTOR [35–37]. TSC2 is phosphorylated by AKT and the phosphorylated form can no
longer interact with TSC1, which leads to the activation of S6K and phosphorylation of eukaryotic
translation initiation factor 4E-binding protein (4EBP) [37]. TSC2 not only binds to TSC1 but also
functions as a GTPase-activating protein (GAP) [38]. Dissociation of TSC1 and TSC2 activates Ras
homolog enriched in brain (RHEB), a small GTPase that functions upstream of mTOR in response to
PI3K/Akt (Figure 2) [39]. The main downstream targets of mTOR are the translational machinery and
ribosomal components [33]. mTOR binds to various types of partner proteins, forming two complexes:
mTOR complex 1 (mTORC1) and mTORC2 [34]. mTORC2 is composed of mLST8, the protein
rapamycin-insensitive companion of mTOR (Rictor), Protor, and mammalian stress-activated protein
kinase (SAPK) interacting protein [mSIN1] [33,34,40]. mTORC2 controls cell survival and cytoskeletal
reorganization [40]. As mRNA translation is a high-energy consuming process, the cell precisely
regulates it through mTORC1 by sensing the growth factor signals and nutrients levels [34]. Thus,
mTORC1 controls cell biology, including cell proliferation, differentiation, survival, growth, protein
synthesis, and autophagy [33,41]. mTOR, mLST8, the DEP domain-containing mTOR-interacting
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protein (DEPTOR), a 40-kDa Pro-rich AKT substrate (PRAS40), TTI1/TEL2, and the regulatory associated
protein of mTOR (Raptor) are known components of mTORC1 [42–44]. Raptor brings 4EBP, S6K1/2
and other molecules to mTORC1. Thereupon, mTOR phosphorylates its substrates, which results in
the activation of protein synthesis [44,45].

eIF4E can bind the unphosphorylated 4EBP which has homologous sequence of eIF4G; 4EBP
suppresses translation by competing with eIF4G for eIF4E and hinders eIF4F complex formation [46–48].
For the translation initiation to take place, 4EBP needs to be dissociated from eIF4E, which can
be triggered by extracellular stimuli, such as growth factors and hormones, and leads to the
phosphorylation of 4EBP through PI3K and the mTOR pathway [33]. Hyper-phosphorylated 4EBP
dissociates from eIF4E and increases eIF4E availability for the formation of the eIF4F complex for
translation [49,50]. When S6Ks are activated by mTORC1, they promote the translation of mRNAs
that encode the necessary components of the translational machinery, including ribosomal proteins,
elongation factors (EFs), and poly(A)-binding protein [33]. S6Ks also phosphorylate and inhibit
eukaryotic translation elongation factor 2 kinase (eEF2K) whose role is to phosphorylate and inhibit
eEF2 [51]. Hence, external stimuli by growth factors or hormones, result in S6K activation, and further
induce the phosphorylation and inhibition of eEF2K, which increase eEF2 activity and elongation rates
during protein synthesis [52–54]. Faced with various stimuli, the cell needs to modulate the translational
machinery, and adjust the rate and amount of protein production to adapt to the changing environment,
suggesting that appropriate regulation of translation is critical for cell biology and behavior.

Figure 2. Signaling pathways that influence protein synthesis. Signals that are activated by growth
factors not only affect transcription but also translation. Mitogen-Activated Protein Kinase Interacting
Protein Kinases (MNKs) can be phosphorylated by activated extracellular signal-regulated kinases
(ERKs) and further phosphorylate eIF4E, which is important for recruiting mRNA for translation
initiation. Binding of the growth factors to the receptors activates phosphatidylinositol 3-kinase (PI3K)
and AKT. Activated AKT phosphorylates tuberous sclerosis complex 2 (TSC2), which leads to the
dissociation of the TSC1/ TSC2 complex that negatively regulates mammalian target of rapamycin
complex 1 (mTORC1) and leads to mTORC1 activation. mTORC1 hyper-phosphorylates 4EBP, which
results in the release of eIF4E for protein synthesis. Activated mTORC1 also activates S6Ks, which
further activate eukaryotic translation elongation factor 2 (eEF2) and facilitate elongation.
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4. Protein Synthesis and Cancer

4.1. eIF4E and Cancer

Dysregulation of protein synthesis is highly correlated with cancer development [11,28,41,55,56].
High protein expression appears to be responsible for the resistance to cell death and increased cell
proliferation [28,57,58]. One of the candidate signaling molecules that is involved in cancer progression
is eIF4E, the cap-binding component of eIF4F, at which the growth and proliferation signals converge,
making it an important factor that controls cell normality [50,59,60]. Interestingly, eIF4E levels are
relatively low in HeLa cells, approximately 0.8 × 106 molecules per cell [29]. By contrast, another
component of the eIF4F complex, eIF4A is present more than 10-fold molar excess [15,29,61]. The factor
to ribosome ratio is 0.8 for eIF2, 0.6 for eIF3, and 3.0 for eIF4A [62]. The relative limitation of eIF4E
levels in the cell renders it an important factor for translation control, and its aberrant expression is
associated with cancer development [11,41]. Notably, eIF4E is regulated by MYC, based on the presence
of MYC-binding motifs in the promoter of eIF4E gene and the mutation of these motifs inactivates
the eIF4E promoter [63,64]. In addition, dominant negative c-MYC mutant suppresses transcription
of the eIF4E gene [63,64]. Interestingly, c-MYC and eIF4E appear to regulate each other, such that
upregulation of eIF4E expression increases the translation of c-MYC [11,65]. In MYC-transformed B
cells, eIF4E is upregulated and activates the translation of phosphoribosyl-pyrophosphate synthetase 2
(PRPS2), which results in the promotion of nucleotide biosynthesis [66]. In the 5′ UTR of PRPS2, the
pyrimidine-rich translational element that is known to be regulated by eIF4E is present and indeed the
translation of PRPS2 is controlled by eIF4E [66,67]. PRPS2 produces nucleotide biosynthetic precursor,
5-phosphoribosyl-1-pyrophosphate, therefore, it is beneficial for cancer cell proliferation and survival
if the expression of PRPS2 is elevated [66].

As mentioned above, eIF4E phosphorylation is regulated by MNKs that act downstream of the
MEK/ERK and p38 MAPK [68]. Mnks generally function downstream of MAPKs but, according to a
recent report, MNK2a activation leads to activation of p38 MAPK, which serves as a tumor suppressive
signal [69]. Serine 209 of eIF4E is phosphorylated by MNKs, and the phosphorylation stimulates
translation of a subset of mRNAs that play roles in cell proliferation and survival. These mRNAs
possess specific regulatory features, such as lengthy and GC-rich structured 5′ UTRs [16,20,28]. The
genes regulated by hyper-phosphorylated eIF4E enhance malignancy, e.g., CYCLIN D1, VEGF, MMP-3,
SURVIVIN, c-MYC and FGF2 [60,70–73]. Notably, aberrant expression of a set of mRNAs that are
involved in cell proliferation, survival, or promotion of cancer is highly affected by eIF4E-mediated
translation [60,71,72]. The overexpression of eIF4E causes tumorigenic transformation in various types
of cells [59,74–76]. Co-culture of multiple myeloma (MM) cell lines with mesenchymal stem cells
(MSCs) derived from MM patients revealed that, in contrast with co-culture with MSCs from healthy
donors, protein synthesis, especially eIF4E/eIF4GI and cell proliferation, is upregulated by co-culture
with MSCs from MM patients [77].

Similar to the regulation of translation by eIF4E levels, eIF4E phosphorylation regulates protein
synthesis; however, it enhances the synthesis of a subset of proteins, without affecting global protein
synthesis [1,20,41,73]. MCL, MMP3, SNAIL, and the recently identified KDM5A are examples of such
regulated proteins [1,73,78,79]. Interestingly, eIF4E also plays a non-translational role, in transporting
some mRNAs from the nucleus to the cytoplasm [80]. In various cancer cells originating from the breast,
colon, prostate, lung, skin, and bladder, enhanced eIF4E is commonly observed [75,81–84]. In addition,
increased phosphorylation of eIF4E is responsible for certain tumorigenic genes and correlates with
progression of prostate cancer [28]. Hence, recently, eIF4E has been considered as the main target for
the development of cancer therapy [28,81,85]. Numerous experiments were performed to identify small
molecules that downregulate transcription of the eIF4E gene, reduce the stability the eIF4E transcript,
interrupt binding of eIF4E to its binding partners, and block its binding to cap-mRNAs (reviewed
in [85]). For example, since the availability of eIF4E is regulated by 4EBP, agents that function similarly
to 4EBP have been developed to prevent cap-dependent translation [86].
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However, surprisingly, it has been suggested that normal levels of eIF4E is responsible for cancer
transformation [59]. A recent study of an Eif4e+/−mouse revealed that reduced expression of eIF4E is
compatible with normal development [59]. Interestingly, in the same study, the eIF4E dose played
an essential role in cellular transformation [59]. When introduced with Ras and Myc, Eif4e+/−mouse
embryonic fibroblasts (MEFs) became resistant to tumor transformation, and the global protein synthesis
rate was not altered compared to wild-type MEFs treated in the same manner [59]. It appears that a
subset of genes (133 genes) that mediate the function of proteasome, cellular transduction, generation
of reactive oxygen species, and nucleotide biosynthesis are affected by reduced eIF4E levels during
oncogenic transformation [59]. Furthermore, genes that regulate the production or levels of reactive
oxygen species are associated with cell transformation and the expression levels of these genes are
reduced in haploinsufficient Eif4e, resulting in resistance to transformation [59]. Interestingly, 5′ UTRs
of these genes do not possess features predisposing to eIF4E-mediated translation, e.g., length, high
GC content, and complex secondary structure. Instead, they have a cytosine-rich 15-nucleotide motif
in the 5′ UTR, termed the cytosine-enriched regulator of translation (CERT) domain [59]. Intriguingly,
normal levels of eIF4E actually aid the cellular transformation. Reduction of eIF4E levels by using
shRNA reduced soft agar colony formation of human cancer cells [59]. Although it is unclear why cells
produce more eIF4E than is needed, it appears that cancer cells use this to benefit their survival. High
expression of eIF4E appears to play an important role in breast cancer development and is correlated
with breast cancer metastases [56,81,87]. For instance, ribavirin, an antiviral guanosine analogue that
competes with 5′-cap and inhibits eIF4E activity, inhibits the proliferation and clonogenic potential of
breast cancer cell lines with elevated eIF4E levels [81,88].

4.2. mTOR, 4EBP, and Cancer

mTOR is a downstream molecule that mediates the PI3K and AKT signals. It has been reported
that thymocytes derived from transgenic mouse with constitutively activated AKT2 have increased
cell size and protein synthesis [58]. Phosphorylation of 4EBP is required for such increase and the
resultant hyperactivation of eIF4E is essential for T-cell lymphomagenesis, partially increasing the
expression of anti-apoptotic protein Mcl-1 [58]. PP242, an ATP active-site inhibitor of mTOR, inhibits
eIF4E hyperactivation and could be a therapeutic drug for treating lymphoma [58]. It has been
suggested that inhibiting mTOR signaling could suppress cancer invasion and metastasis [67]. Hsieh
and colleagues demonstrated that mTOR enhances the migration and invasion of prostate cancer cells
by affecting certain genes that are controlled by translation, and developed an ATP site inhibitor of
mTOR that prevents prostate cancer metastasis [67]. mTOR ATP site inhibitor targets mTOR-dependent
4EBP1 phosphorylation, thereby recruiting eIF4E to hypo-phosphorylated 4EBP1 and preventing
the formation of eIF4F complex [67]. Recent advances in the development of inhibitors that affect
translation have been reviewed, and the effects on cancer cells and metastasis have been thoroughly
summarized in a paper by Bhat et al. [11].

4.3. eIF2 and Cancer

eIF2, a GTPase, is composed of α, β, and γ subunits, and also involved in the regulation of
translation [89]. Particularly, the α subunit is phosphorylated at serine 51, which controls translation
in cells under stressful conditions and is involved in cancer development [89–91]. In tumor cells
that are exposed to various stimuli, including hypoxia, lack of nutrients, and those induce DNA
damage, endoplasmic reticulum (ER) stress and unfolded protein response are produced [92]. The ER
stress induces downstream eIF2α phosphorylation on serine 51 via kinases such as PERK, protein
kinase RNA-activated (PKR), general control non-derepressible 2 (GCN), and heme-regulated inhibitor
(HRI) [92–94]. As mentioned above, GTP-bound eIF2 plays an important role in translation initiation by
forming a ternary complex with tRNAi Met and mRNA. During mRNA scanning, GTP is hydrolyzed
to GDP and Pi upon recognition of the start codon, and GDP-bound eIF2 is released from the complex.
For another round of protein synthesis to occur, eIF2B functions as a guanine exchange factor, and
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replaces GDP with GTP on eIF2 [95]. However, the phospho-eIF2α is unable to form a ternary complex
for protein synthesis therefore, global translation is attenuated [96,97]. Phosphorylated eIF2α also
inhibits eIF2B, which results in the inhibition of global protein synthesis, while increasing translation of
a subset of mRNAs [89,95]. Furthermore, mRNAs that are positively regulated by the phosphorylated
eIF2α possess uORFs in 5′ UTR, which hinder the identification of ORFs [92]. It has been suggested
that eIF2α phosphorylation somehow overcomes the hindrance of uORFs and facilitates the translation
of certain genes, e.g., ATF4, CHOP, and GADD34, leading to cell survival and growth [98,99]. In
addition, eIF2α phosphorylation increases the translation of genes that have internal ribosome entry
site (IRES) in the 5′ UTR [100], which will be addressed in Section 4.4.

In the tumor tissue of female breast cancer patients, phospho-eIF2α is substantially upregulated
when compared with that in the peritumor tissues [101]. Similarly, increased levels of eIF2α have been
detected in Hodgkin lymphoma, bronchioloalveolar cancer cells, thyroid cancer cells, gastrointestinal
carcinomas, benign and malignant melanocytoma, and colon carcinoma [102–106]. The role of
phopho-eIF2α in cancer cell is still being debated. High expression and phosphorylation of eIF2α may
lead to increased levels of a cohort of proteins that are important for cell survival and proliferation, and
may result in tumor growth [98,99]. However, it has been suggested that depending on the duration
of the ER stress, the survival signal can be converted to facilitate cell death [99]. Interestingly, it has
been recently suggested that phospho-eIF2α plays an important role in the inhibition of triple-negative
breast cancer growth [101]. Reduced tumor infiltration of the lymph nodes is observed in patients
with elevated phospho-eIF2α levels, suggesting that eIF2α indeed plays a dual role in cellular survival,
and partner molecules and detailed mechanisms that culminate in such differential effects should be
identified for cancer treatment [101].

4.4. Cap-Independent Translation and Cancer

Recent emerging data suggest that in addition to factors that regulate the assembly of or
recruit the translation-competent ribosome to the 5′-cap of mRNA, ribosomal components are also
directly linked to cancer development [107]. Although the majority of protein synthesis initiation
depends on mRNA recognition by eIF4E that is 5′-cap–dependent, some proteins can be produced
bypassing this step. A specific IRES sequence in the 5′ UTR directly recruits the 40S ribosome to
mRNA [108–110]. A unique RNA structure known as a cap-independent translational enhancer (CITE)
also contributes to the initiation of protein synthesis that is independent of cap and IRES [108,111].
Furthermore, N6-methyladenosine residues in the 5′ UTR recruit eIF3 and the 40S ribosome, and
initiate cap-independent translation [108].

It has been suggested that translation of several proteins, including growth factors, survival-
and/or death-related proteins, and oncogenes, relies on cap-independent IRES elements under certain
circumstances [108,112–116]. Historically, IRES was first discovered in the 5′ UTR of poliovirus
mRNAs that were effectively translated even without eIF4E binding [109]. Interestingly, in eukaryotic
genomes, including the human genome, several genes appear to be translated using cap-independent
sequences [110,117]. It has been suggested that 5–10% of mRNAs are translated by cap-independent
translation [117,118]. Recently, an unbiased screening of human mRNAs using a high-throughput
bicistronic assay revealed an enrichment of regulatory elements for cap-independent translation not
only in the 5′ UTRs but also in the 3′ UTRs [117]. This implies that the ribosome can be recruited to
the 3′ UTR, enhancing protein synthesis from the upstream sequence [117]. Intriguingly, mRNAs that
contain IRES are preferentially translated when cap-dependent translation is inhibited, during cell
differentiation, proliferation, and under hypoxic conditions and nutrient limitation [119]. A recent
PubMed search and clustering analysis revealed that approximately 21% of transcription factor mRNAs,
15% of growth factor mRNAs, and 22% of receptor and transporter mRNAs are prone to be translated
via an IRES-dependent way [108]. Examples of such mRNAs are c-MYC, HIF1a, FGF, VEGF, and
CAT-1 [65,120–123]. However, more evidence is needed to propose a general mechanism or concept
for the cellular role of IRES because of some controversial data and views on the subject [124].
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CITEs have been identified in the 5′ UTR or 3′ UTR of mRNAs, and serve to recruit some
initiation factors [108,111,124,125]. Different from IRES-dependent translation, CITEs-mediated protein
synthesis, CITEs recognize and bind essential initiation factors to begin translation [108,124]. It has
been reported that, upon etoposide treatment to induce apoptosis, Apaf-1 mRNA translation proceeds
efficiently, although the 5′-cap is absent, via CITE-dependent translation [126]. No IRES-dependent
translation appears to proceed under such conditions [126].

5. Translational Control of the Stem Cell Fate

5.1. Differences in the Rate and Amount of Translation in Stem and Differentiated Cells

The observations that aberration of protein synthesis is linked to the development of cancer
raise a question of whether the typical role of mRNA translation is cell fate determination. Not
much stem cell research has been done from the point of view of translation; however, recent data
show that protein synthesis rates and machinery are different in stem cells, progenitor cells (PCs),
and differentiated somatic cells [1,7,127,128]. During development, appropriate numbers and types
of cells should be generated, and the process should be precisely orchestrated with changes in the
local environment, in a time- and location-dependent manner. Transcriptional regulation has been
extensively studied to identify the mechanisms that underlie control of the stem cell fate [129,130].
However, it is difficult to resolve some transcript and protein level mismatches observed during the
development or differentiation of stem cells or PCs by transcriptional regulation only [1,131]. Increasing
evidence suggests that translation is an essential step controlling the stem cell fate [1,7,127,132]. In the
current section, exciting recent studies that revealed translational differences in controlling features of
stem cells and PCs are highlighted. In addition, recent articles that unravel the underlying molecular
mechanisms are introduced.

As reported by Ingolia et al., who undertook deep-sequencing of the ribosome-protected mRNA
fragments in mouse embryonic stem cells (ESCs), the mammalian proteome is more complex than
initially assumed [133]. By using the drug harringtonine, which causes ribosomes to accumulate
at translation sites, and analyzing the translation data, Ingolia et al. showed that a wide range of
unannotated or modified ORFs exist [133]. In addition, mouse ESCs produced atypical protein-coding
transcripts [133]. Another recent study revealed that hematopoietic stem cells (HSCs) synthesize less
protein than hematopoietic progenitor cells, suggesting the existence of distinct translation control
mechanisms in specific cell types [127]. Altered protein synthesis of HSCs derived from a ribosomal
protein loss-of-function mouse, Rpl24Bst/+, in which translation rate is reduced to approximately 30%
that in the wild-type mouse, resulted in reduced cell proliferation and reconstitution of differentiated
hematopoietic cells after transplantation into irradiated mouse [127,134]. Furthermore, a conditional
deletion of Pten in HSCs increased protein synthesis, which was blocked by the introduction of
Rpl24 mutation, and resulted in the restoration of HSC multi-potency [127]. This clearly suggests
the involvement of translation in HSC fate control. Interestingly, phosphorylation of 4EBP, the
negative regulator of eIF4E, is lower in HSCs than in other hematopoietic cells [127,134]. Similarly, the
translation rate and amount of protein synthesis in mouse epidermal SCs are lower than those in the
immediate PCs in vivo, as determined by measuring the incorporation of O-propargylpuromycin into
actively synthesized proteins [135]. In the mouse epidermal SCs, differentiation but not proliferation is
correlated with increased protein synthesis [135]. Interestingly, RNA methylation appears to play a role
in the control of translation. NSUN2, an RNA methyltransferase, protects tRNA from cleavage, and this
induces protein synthesis and cell commitment to differentiate in epithelial SCs from K5-SOS mouse, an
animal model for human squamous tumors [135]. Another recent report demonstrated that regulation
of ribosome biogenesis and protein synthesis is important for the control of germline stem cell (GSC)
differentiation [136]. In the report, authors performed an unbiased in vivo transcriptome-wide 8,171
RNAi screening in female Drosophila GSCs and found that transition from self-renewal to differentiation
relies on enhanced ribosome biogenesis and increased protein synthesis [136].
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5.2. eIF4E, 4EBP, and the Control of Stem Cell Fate

It appears that a set of genes is regulated by translation factors. Modulation of these factors
affects the translation of targets, leading to the synthesis of a unique pool of proteins, and determines
the identity of a cell. As mentioned above, eIF4E is a component of the eIF4F complex. Until the
discovery of variants in wheat germ cells, it has been assumed that eIF4E is the only isoform of the
protein [137]. The existence of isoforms in other species has been also reported, and the eIF4E family is
now divided into three classes depending on the core sequence homology and the binding partners
(reviewed in [138]). It is well known that eIF4E1 binds to the m7G-cap mRNA. Interestingly, eIF4E2
shows weak binding to the cap, and is suggested to mediate translation under hypoxic conditions
in tumors [57,139]. Furthermore, eIF4E3 lacks essential amino acids that are required for m7G-cap
binding; however, it was recently reported to bind to the cap in a distinct manner and inhibit tumor
progression [140]. The availability of eIF4E appears to be important for the regulation of translation in
SCs. A recent study revealed the occurrence of eIF4E1 and 4E-T in granules with the processing body
proteins Lsm1 and Rck in neural precursors [141]. It appears that eIF4E1 is sequestered in P-body–like
granules in neural precursors by its binding partner 4E-T, which represses the translation of proteins
essential for neurogenesis [141]. The complex targets mRNAs that encode transcription factors and
differentiation-related proteins, including proneurogenic bHLH mRNAs, and have been translocated
to the granules, thus inhibiting further translation [141]. Therefore, disruption of the complex leads to
the generation of premature neurons and neural precursor depletion [141].

Not only global translation but also gene-specific translation is important for stem cell or PC fate
determination. In the neural progenitor/neural stem cells (NSCs), it has been recently shown that
KDM5A, a histone demethylase, is involved in the maintenance of multipotency by repressing the
differentiation of NPCs or NSCs into astrocytes [1]. Intriguingly, mRNA levels of Kdm5a in NSCs/NPCs
are lower than those in differentiated astrocytes, with opposite trends shown by protein levels [1].
NSCs proliferate in the presence of EGF and FGF2, which triggers the activation of ERK and MNK, and
phosphorylation of eIF4E [1]. However, in the absence of those mitogens and in the presence of CNTF,
NSCs/NPCs differentiate into astrocytes by activating the JAK and STAT3 signaling and shutting off

ERK and downstream signaling, thus halting eIF4E phosphorylation [1]. Therefore, regardless of the
high levels of Kdm5a transcripts, translation no longer occurs. Next, because of insufficient KDM5A
protein levels, H3K4 demethylation at Gfap promoter does not proceed, therefore GFAP expression
increases to convert NSCs to become astrocytes [1].

One of the mechanisms that control protein synthesis in HSCs is the regulation of 4EBP
phosphorylation. Consistent with the data for eIF4E, in double knockout mouse (DKO) lacking
4Ebp1 and 4Ebp2, translation of a subset of genes is reduced, but global protein synthesis is not affected,
probably because of an increased availability of free eIF4E for eIF4F complex formation [132]. It has
been reported that adult HSCs harbor more hypo-phosphorylated 4EBP and 4EBP2 molecules than
most other hematopoietic progenitors [128]. Hypo-phosphorylated 4EBP would bind eIF4E and
prevent the formation of the eIF4F complex, which may result in the reduced synthesis of a subset of
proteins in HSCs. Although Yin-yang2 (YY2) is essential for mouse (m) ESC self-renewal, increased
YY2 levels induce the differentiation of mESCs into cardiovascular lineages [132]. YY2 protein levels
increase up to 2.4-fold in in 4Ebp1 4Ebp2 DKO mouse, with no difference in Yy2 mRNA levels between
the DKO and wild-type mice, suggesting that translation efficiency of YY2 negatively correlates with
4EBP expression [132]. Interestingly, four splicing variants of Yy2 have been identified, two of which
have an intron in the 5′ UTR [132]. The retained intron appears to provide a lengthy, GC-rich, and
structured 5′ UTR, and is, therefore, prone to regulation by eIF4E. Hence, it is plausible to speculate
that in 4Ebp1 4Ebp2 DKO mouse, the efficiency of translation of the Yy2 splicing variants that contain
the intron increases [132].

An important role of the cap-independent translation in stem cell fate determination has been
reported. In human (h) ESCs, death-associated protein 5 (DAP5), a protein related to eIF4G but
lacking the N-terminal portion and therefore unable to bind to either eIF4E or the poly(A)-binding
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protein, also determines the cell fate [142–144]. DAP5 recruits the ribosome directly to an mRNA
that harbors IRES in the 5′ UTR and mediates translation of various proteins that are critical for cell
differentiation [142]. It has been shown that Dap5 knockdown results in defective differentiation
and in persistent pluripotent gene expression during hESC differentiation [142]. Genes that are
affected by DAP5-mediated translation are related to mitochondrial oxidative respiration and cell
differentiation, including the chromatin modifier HMGN3, and knock-down of Dap5 impairs ESC
differentiation [142,145]. Interestingly, Dap5 knockout mESCs do not differentiate and the ERK
pathway is repressed in such cells [145]. The evidence that Dap5 knockout mESCs showed impaired
differentiation upon retinoic acid treatment, suggests a critical role of DAP5 and mRNA translation in
differentiation [146]. The synthesis of the mitogen-activated protein kinase kinase kinase 3 (Map3k3)
and son of sevenless homolog 1 (Sos1) is reduced in Dap5 null mESCs [145].

A transcriptome-wide in vivo RNAi screening of the Drosophila germline revealed that ribosome
biogenesis and protein synthesis are important for the transition between GSC self-renewal and
differentiation [136]. Sanchez et al. identified 646 genes out of 8171 gene knockdowns that are required
for germline development. High levels of rRNA transcription are observed in GSCs and, interestingly,
reduction of rRNA levels alters cell morphology and inhibits production of MAD, a signal component
of the bone morphogenetic protein pathway [136].

The detailed roles and effects of translation in stem cell biology have not yet been fully identified.
Additional studies should provide insights into how transcription signals and signal transduction
pathways converge in translation, and regulate stem cell proliferation, differentiation, and function.

6. Conclusions

Recent data have challenged the traditional view that transcription and translation are highly
correlated. Translation of some genes that are highly transcribed is low and vice versa. These findings
suggest that translation controls and regulates the proteome under certain biological conditions.
Aberrant synthesis of proteins can transform cells to become malignant. In addition, during normal
development, when stem cells or PCs differentiate into progeny, the rate and amount of protein
synthesis are altered, and determine the cell fate. Understanding how cell fate is regulated at the
translational level will provide insights for preventing or treating cancer as well as inducing stem cells
to generate desired cell types.
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